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Abstract 

It is well-known that a small amount of nitrogen in InGaAs / GaAs quantum wells 

(QWs) causes a bandgap-bowing effect on the electronic band structure. While 

widening the spectral range of GaAs is a much desired consequence of bandgap-bowing, 

the presence of nitrogen tends to deteriorate photoluminescence (PL) intensity and 

widens the PL line width because of generation of non-radiative crystal defects. To 

increase the PL efficiency, one must apply post-growth thermal annealing. However, 

heat treatment causes a blue shift (BS) of emission, due to atomic diffusion across the 

interfaces of layers and other phenomena. When alloying nitrogen with InGaAs, growth 

temperature (Tg) need to be lower than what is normally used for growth of InGaAs. 

Low Tg creates point defects and complexes. These are major reasons for diffusion of 

atoms. The BS is also caused by local atomic redistribution (short range ordering) that 

takes place during annealing. 

In this thesis, I shall study mechanisms which induce the BS. It was found that post-

growth annealing drastically affected material properties and performance features of 

dilute nitride lasers, but left InGaAs / GaAs almost intact. We found that low-

temperature treatment reduced absorption losses, while high-temperature treatment 

improved the conductivity of the AlGaAs “cladding” layers. Post-growth annealing also 

influenced burn-in behavior of lasers. 

Solubility of nitrogen in InGaAs is quite limited because of a large miscibility gap 

in InGaAsN, which makes it difficult (and not desired) to incorporate much N into 

InGaAs to form a flawless substitutional random alloy. We carried out a series of 

experiments to explore appropriate growth conditions and developed layer structures 

that could be deemed closely optimized because they produced good PL intensity in the 

range of fiber optical telecommunications. The developed layer structures included 

strain-compensating GaAsN layers (SCLs) and diffusion-suppressing InGaAsN layers 

(DSLs). The GaAsN SCLs reduced strain in the active region, preventing lattice 

relaxation, and provided type-II band alignment for enhanced hole confinement in the 

QW. The DSLs suppressed group-III interdiffusion between InGaAsN and GaAs(N) 

and smoothened the InGaAsN / GaAs(N) interfaces. All heterostructures were grown by 

molecular beam epitaxy. 

I shall also discuss major performance features of the dilute nitride lasers. 
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1 Introduction 

Semiconductor lasers emitting at the wavelengths of 1.3 and 1.55 µm are used in 

optical fiber telecommunications. The signal dispersion in silica fibers is zero at 1.3 µm 

and absorption is minimum at 1.55 µm. Semiconductor lasers at these wavelengths are 

made of InP-based heterostructures. 

Remarkable savings in fabrication costs would be made if InP were replaced by 

GaAs. One of the most significant advantages would be a large refractive index 

difference (n) in lattice-matched alloys of Al(Ga)As / GaAs. GaAs enables monolithic 

growth of distributed Bragg reflectors (DBRs) and active regions of the lasers. 

Monolithic growth of DBRs is almost impossible for the InP technology. The possibility 

of applying selective oxidation of AlGaAs is yet another advantage. Al2O3(GaOx) gives 

rise to excellent electrical and optical confinements in vertical-cavity surface emitting 

lasers (VCSELs) [1]. All these good features of GaAs are important, because InP lasers 

are sensitive to temperature variations [2], due to strong Auger recombination, carrier 

leakage from the active region into surrounding (cladding) layers, strong intervalence 

band absorption, and temperature-dependent material gain parameters [3]. 

Dilute nitrides afford opportunities to prepare GaAs -based semiconductors at the 

wavelengths of 1.3 and 1.55 µm. Their novel electronic band structures and good lattice 

matching to GaAs (Figure 1) make pseudomorphic (metastable) InGaAsN alloys 

promising III-V semiconductors for cost-effective laser fabrication for 

telecommunications and other applications. 

1.1 Band structure 

Typical values of the conduction band offsets (Ec) of 1.3 µm InGaAsP / InP 

structures are ~200 meV [4]. This offset is quite small. It allows carrier leak out of the 

quantum wells (QWs) [3] at elevated temperatures and increases Auger carrier 

recombination leakage [ 5 ]. Carrier leakages make lasers sensitive to temperature 

variations. A temperature controller is needed to stabilize the laser, raising packaging 

costs. Contrary to InGaAsP / InP, much larger Ec of 470 meV [6] is achieved by the 

GaInAsN / GaAs materials system. 
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Figure 1. Band gaps versus lattice constants of semiconductors. The InGaAsN alloys are in 

the patterned area. InxGa1-xAs1-yNy with x  2.8y is lattice-matched to GaAs.  

An attractive approach towards long-wavelength lasing is to use lattice-strained 

InGaAs or InGaAsN / GaAs QWs. However, it is hard for the InGaAs QWs to achieve 

 > 1.2 µm; at these wavelengths, strain relaxation takes place and generates misfit 

dislocations. Large differences in electro negativity and atomic size between nitrogen 

and arsenic reduce the fundamental bandgap (Eg), as the mole fraction of nitrogen [N] is 

increased, and lower net lattice strain in InGaAsN / GaAs. For example, for InAs 

(emitting at a very long wavelength) on a GaAs substrate, lattice strain is huge, up to 

6.7 % [7], totally preventing from growth of thick enough dislocation-free InAs layers 

as a device active region. Growth of GaInAsN on GaAs, in turn, allows for strain 

reduction, even lattice-matches to GaAs substrate (Figure 1). The reduction in Eg (Eg ≈ 

63 meV for 0.5 % [N] and 110 meV for 1 % [N]) [8, 9] is due to band anti-crossing 

(BAC) interactions that take place between the conduction band edge and a higher-lying 

nitrogen resonant band [10], modifying the band structure [11] and providing a route to 

long-wavelength band-structure-engineering and interesting optical properties. Alloying 

N with InGaAs increases Ec and gives rise to improved electron confinement with less 

electron spill-out at T > 300 K, when compared to InGaAsP / InP at   1.3 m. 

Although dilute nitride edge-emitting lasers (EELs) and surface-emitting lasers (such as 

VCSELs) with impressive characteristics have been reported in the literature [12, 13, 14, 
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15 , 16 , 17 , 18 ], the influence of nitrogen on the material properties and lasing 

characteristics has not yet been fully elucidated.  

The fundamental bandgap of InxGa1-xAs1-yNy is obtained from the following 

equations. 

Eg(InxGa1-xAs1-yNy) 

= (1-x)yEg(GaN)+xyEg(InN)+(1-x)(1-y)Eg(GaAs)+x(1-y)Eg(InAs) 

+x(x-1)[yCIn–Ga(InGaN)+(1-y)CIn–Ga(InGaAs)]+y(y-1)[xCAs–N(InAsN) 

+(1-x)CAs–N(GaAsN)] 

= 1.422-1.572x-18.222y+14.722xy+0.51x
2
+20y

2
+0.89x

2
y-15.78xy

2 
(eV) 

(T=300K) 

Ref. [19] 
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Here CIn-Ga (for InGaN and InGaAs) and CAs-N (for InGaN and GaAsN) are the bandgap 

nonlinearity factors (the “band bowing” factors); a and b are adjustable parameters. 

Table 1 . Bowing factors CIn-Ga and CAs-N [19] 

CIn–Ga(InGaN) CIn–Ga(InGaAs) CAs–N(InAsN) CAs–N(GaAsN) 

1.40 eV 0.51 eV 4.22 eV 20.00 eV 
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Solubility of nitrogen is by the formation of miscibility gaps, which make it difficult 

to alloy a large amount of nitrogen [N] with (In)GaAs. Low [N] is preferred. To attain 

long  and strong light emission, many technological approaches have been attempted. 

These include (i) insertion of GaAsN strain-compensating layers (SCLs) and InGaAsN 

diffusion-suppressing-layers (DSLs), both being reasonable approaches for layer growth 

by MBE [23] and by metal organic vapor phase epitaxy (MOVPE) [24]. The presence 

of GaAsN SCLs decreases total strain in the active region, while the type-II GaAsN / 

GaAs [25] junction enhances hole confinement. DSLs suppress group-III interdiffusion 

between InGaAsN and GaAs(N) layers and smoothen the InGaAsN / GaAs (N) 

interfaces [23]. (ii) Insertion of GaAsP SCLs improves lasing characteristics [26]. SCLs 

not only decrease strain but also increase electron and photon confinement, due to 

increased band offsets and large interfacial n. (iii) Adding yet another element, for 

example antimony, into InGaAsN would further shift  towards long wavelengths,  > 2 

m [27]. (iv) Beside the above methods used to engineer the band structure, it is 

surprising at first sight that doping GaInAsN QWs with Be improves the optical 

properties of the alloy [28] under certain conditions. 

1.2 Nitrogen source 

We grow dilute nitrides by solid-source MBE. A radio frequency (RF) -coupled 

plasma source is used to generate reactive nitrogen plasma from ultra-pure (“7-nine”) 

N2 gas. Processes that can take place in nitrogen discharge at low pressure are [29, 30]: 

Electron impact ionization: 

N2 + e
- 
 N2

+ 
+ 2e

-
; N2 + e

- 
 N

+ 
+ N + 2e

-
; N2 + e

- 
 N

+ 
+ 2e

-
 

Electron impact dissociation: 

N2 + e
- 
 2N + e

-
 

Excitation: 

N2 + e
- 
 N2* + e

-
; N + e

- 
 N* + e

-
; N2 + e

- 
 N* + N + e

-
 

Radiative recombination: 
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e
- 
+ N*  N + ha; e

- 
+ N2*  N2 + hb 

Heterogeneous reaction: 

N + N + wall  N2 

Wall neutralisation: 

N2
+ 

+ wall  N2; N
+ 

+ wall  N 

Here N* and N2* are generic ways to name excited nitrogen atoms and molecules. 

Our RF nitrogen source produced a mixture of neutral molecular, charged molecular, 

ionic and neutral atomic species together with excited atoms, ions, and (free and 

molecule-bound) electrons. There are at least two undesired factors that induce non-

radiative recombination traps: (i) Nitrogen ions that cause damages on the surface of a 

substrate and induce vacancies in the crystal lattice; (ii) During layer growth, excited, 

ionic, and neutral nitrogen tend to incorporate into the host crystal and generate 

interstitials. It is expected, therefore, that nitrogen in the alloy decreases PL and 

increases lasing threshold [ 31 ]. To remove part of the nitrogen interstitials, it is 

necessary to have post-growth heat treatment. Heat treatment activates the interstitials 

into desired substitutional sites of the substitutional random alloy and reduces the 

number of other defects. 

1.3 Purpose of this dissertation 

In this Thesis, we investigated details of physical properties of dilute nitride 

heterostructures and lasers, which were deposited onto GaAs (001) substrates by MBE. 

In Chapter 1, we discuss the electronic band structures of bulk-like InGaAsN containing 

various amounts of nitrogen. Chapters 2 and 3 are concerned with atomic mechanisms 

that cause changes in optical properties and laser performance characteristics. Chapter 4 

gives an example of high performance dilute nitride lasers. 
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2 Thermal annealing to materials 

Nitrogen incorporation into InGaAs degrades the optical quality of the material 

because of a large number of point defects formed due to low growth temperature (Tg) 

[P1]. A post-growth thermal annealing is generally used to improve the PL from 

InGaAsN [32]. An undesirable blue shift of the photon emission energy is induced by 

the thermal annealing. Several mechanisms may potentially contribute to the observed 

blue shift depending on growth and annealing conditions [33]. Different mechanisms 

are proposed and reported: (1) group-III [P4] and group-V interdiffusion between QW 

and barriers [34], due to local strain fields, tends to change the profile of the InGaAsN 

QWs. However, report on cross-sectional scanning tunneling microscopy suggest that 

no atom diffusion occurs out of the InGaAsN QW lattice-matched to GaAs substrate 

[35]; (2) An intrinsic microscopic change of the local N environment upon annealing 

[36, 37] that the nearest-neighbor environment of the N atoms changes during annealing 

with an increase in average In–N coordination and a reduction in average Ga–N 

coordination giving rise to a widening in the Eg within the BAC model [10, 11]. This 

mechanism is consistent with the predictions by Kim and Zunger [36] in that an 

enlargement of the InGaAsN band gap would occur with increasing In–N coordination 

numbers, which was supported by results obtained by infrared absorption [38] and 

Raman spectroscopy [39, 40]. The number of In–N bonds in InGaAsN alloys was 

recently measured by x-ray absorption spectroscopy (XAS) [41, 42]. A nearly random 

distribution of In–N bonds was found in as-grown samples, while annealing gave rise to 

weak ordering. In a very low In content (4%) [42], the number of In–N bonds was about 

twice that of a random distribution after annealing, but one order of magnitude smaller 

than that predicted by Kim and Zunger [36]. In XAS reports, no quantitative relation 

with the PL blue shift was established. 

2.1 Nitrogen location in the lattice 

The incorporation rate of nitrogen into InGaAs decreases if Tg is higher than 500 C 

[32]. At ORC, optimal Tg was found to be around 450 C [43]. A large number of 

interstitial nitrogen (up to 10
19

 cm
-3

), gallium vacancies (10
16

 cm
-3

), N-N clusters and 

other complexes were created at this low temperature [P1] [44, 45]. 
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Basically, we employed three methods to study crystallographic defects: (i) high-

energy ion beam Rutherford backscattering spectrometry (RBS) to determine interstitial 

atoms in single crystals [46], (ii) nuclear reaction analyses by which 14N(d,p)15N and 

14N(d,He)12C reactions were analyzed, and (iii) positron annihilation spectroscopy 

(PAS). PAS is an excellent method for detail studies of certain types of point defects. 

Positron lifetime increases and the momentum distribution of annihilating electron / 

positron pairs narrows, as positrons are trapped at defect sites [47]. 

 

Figure 2.  Atomic concentrations of substitutional (subscript S) and interstitial (subscript I) 

nitrogen before rapid thermal annealing (RTA); i.e., NS, NI, and those after RTA (NS(RTA), 

NI(RTA)). Annealing removes most of the NI „s (see the inset) and gives the corresponding NI 

number to NS, as illustrated by the highest [NS] point in the main diagram. As the total number 

of N increases, NS grows linearly, but NI remains almost constant [P1] [44]. 

Using PAS and nuclear reaction 
14

N(d,p)
15

N and 
14

N(d,)
12

C analyses in 

conjunction with RBS in channeling geometry we measured Ga vacancies (10
16

 cm
-3

) 

and nitrogen interstitials (~10
19

 cm
-3

) in as-grown InGaAsN with [N] ranging from 

0.4 % to 2.1 %. These defects were regarded as main reasons for a very low efficiency 

of PL from as-grown InGaAsN. The measurements revealed (Figure 2) that the 

composition of interstitial nitrogen (NI) remained almost constant (~ 2  10
19

 cm
-3

), 

while the amount of substitutional nitrogen NS = N – NI, where N is the total number of 

nitrogen, increased linearly with N from 1.7  10
20

 to 9.4  10
20

 cm
-3

. Clearly, annealing 
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removed most of Ni‟s and increased Ns correspondingly. In other words, annealing 

activated nitrogen from interstitial sites to substitutional sites. 

Point defects lead to low PL intensity and wide PL line width. Post-growth heat 

treatment, like RTA, must be applied to reduce the number of defects. Optimal 

annealing may increase PL by two orders of magnitude [48]. Unfortunately, a blue shift 

occurs simultaneously and may become very large, up to 280 nm [49], which is to say 

that achieving the wavelengths 1.3    1.55 µm is not straight-forward at all. At least 

two origins of BS can be found. (i) Interdiffusion effects (concerning the group-III 

atoms in the first place) across InGaAsN / GaAs(N) interfaces [19, 23, 31]. This effect 

results in a graded InGaAsN / GaAs interface. (ii) Re-arrangement of the neighborhood 

of nitrogen, due to short range ordering (SRO) [36, 37, 40]. 

2.2 Molecular nitrogen in the lattice 

An RF-coupled plasma source is the most effective way of generating reactive 

nitrogen from nitrogen molecules. Wistey et al. [50] reported on a large mount of N2 not 

cracked in nitrogen plasma. Reifsnider et al. [51] suggested that pressure in the growth 

chamber should be as low as possible for good-quality dilute nitride epitaxy by MBE.  

We now proceed to study incorporation of nitrogen into the growing front of an 

InGaAs epi-layer on the GaAs (001) substrate. 

Three kinds of QWs were prepared at the same Tg: (a) an InGaAs / GaAs QW 

without N2 background; (b) two InGaAs(N2) / GaAs QWs with N2 flow (the N2-line 

valve opened), but RF-plasma power switched off; and (c) an InGaAsN / GaAs QW 

with N -plasma on and the N2-line valve opened. More details of these growths can be 

found in Ref. [P2] [52]. 
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Figure 3.  Diagram of the sample structures for our N2 incorporation study. A 32-nm wide 

barrier layer is thick enough to avoid cross talking (tunneling) of the carriers between the 

adjacent QWs. The use of two InGaAs(N2) QWs (left panel) was simply to increase PL 

intensity. 

Post-growth RTA took place at 700 C. After 31.5 min of RTA, the InGaAs(N2) 2-

QWs in the 3-QWs sample experienced the BS of 40 meV, which was 9 meV larger 

than the BS of the InGaAsN 1-QW sample, while the nitrogen-free InGaAs 1-QW (for 

comparison) only had a 13-meV BS. For the as-grown sample, the PL peak positions of 

the InGaAs 1-QW and the InGaAs(N2) 2-QWs were the same (  1148 nm), but the 

InGaAsN 1-QW exhibited a much longer wavelength,  = 1368 nm. PL peak intensity 

from the InGaAs 1-QW was three times stronger than PL from the InGaAs(N2) 2-QWs. 

These findings indicate that (i) N2 incorporated into the host crystal during InGaAsN 

growth; (ii) this incorporation dramatically lowered the quality of QWs but did not 

affect the band structure. N2 was incorporated as interstitial defects and did not 

substitutionally incorporate into the lattice. (iii) During RTA, the presence of N2 

dominated the BS, which is seen in the spectra of Figure 4 for the 3-QWs sample during 

RTA at 700 C. 

GaAs (001) SUB 

100 nm      GaAs      buffer 

5 nm In0.35Ga0.65As0.994N0.006 QW 

32 nm      GaAs      barrier 

5 nm In0.35Ga0.65As(N2) QW 

32 nm      GaAs      barrier 

5 nm In0.35Ga0.65As(N2) QW 

100 nm      GaAs        cap 

3-QWs 

GaAs (001) SUB 

100 nm   GaAs   buffer 

5 nm In0.35Ga0.65As QW 

100 nm   GaAs     cap 

1-QW 
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Figure 4.  Room-temperature (RT) PL from InGaAsN + InGaAs(N2) 3-QWs during 700 C 

RTA for different time intervals.  

RTA time-dependence of the BS and peak intensities of the 3-QWs sample is 

shown in Figure 5. For comparison, the “BS vs. RTA time” plot of the InGaAs 1-QW is 

also shown. From these “PL vs RTA time” plots, we concluded that: (i) There was a 

small BS for the InGaAs 1-QW sample, due to the formation of a small number of point 

defects, such as Ga vacancies (VGa) or As antisites (AsGa) at low Tg of 460 C [53, 54], 

but there was no BS during the first 5 sec of RTA. (ii) No BS was found for the 

InGaAs(N2) 2-QWs during the first 5 sec of RTA, while InGaAsN 1-QW exhibited the 

BS of 4 meV. For prolonged RTA, the BS of InGaAs 1-QW increased slowly, but the 

BS of InGaAs(N2) 2-QWs increased rapidly. The BS of InGaAs(N2) 2-QWs became the 

same as the BS of InGaAsN 1-QW in the time interval from 50 to 180 sec of RTA. (iii) 

There was a remarkable BS for InGaAs(N2) 2-QWs; in fact, it was larger than the BS 

for InGaAsN 1-QW upon 180 sec of RTA. 

During the growth of the 3-QWs sample, N2 flow was the same; RF-plasma power 

was switched on for the growth of InGaAsN 1-QW and off for InGaAs(N2) 2-QWs. A 
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major component in flowing gas was N2. We note in passing that the N2 background 

pressure was 100 times higher than the pressure during InGaAs 1-QW growth. [N] in 

GaInAsN was less than 1 %. This provided evidence that N2 incorporated into the 3-

QWs and dominated the BS. Obviously, the BS of InGaAs(N2) must be greater than the 

BS of InGaAsN since lattice strain for InGaAs(N2) is larger; strain is known to enhance 

atomic diffusion, which changes the shape and depth of the QW [23]. 

 

Figure 5.  RTA time-dependence of PL BS and peak intensity for different types of QWs. 

The inset details the evolution of BS as a function of RTA time from 0 to 100 sec. 

In the beginning of RTA, SRO dominated the BS (see Section 2.3), while nearly no 

BS at all occurred for InGaAs(N2). This indicates that N2 did not substitutionally 

incorporate into the lattice. It looks to us that N2 only acted as an interstitial point defect, 

which enhanced interdiffusion across the junctions, and gave rise to a large BS upon 

prolonged RTA. 

2.3 Origins of the blue shift 

An InGaAsN / GaAs 3-QWs with different well widths of 3 nm, 5 nm, and 9 nm 

were prepared on a 2-inch GaAs wafer (Figure 6). More information about this growth 

is given in Ref. [P3] [55]. Here, post-growth RTA was performed at 700 C. 
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Figure 6.  Sample structures for the BS study. A 35 nm barrier is big enough to avoid cross-

talk of carriers between the adjacent QWs. 

 

Figure 7.  PL from InGaAsN / GaAs 3-QWs at RT upon 700 C RTA for different time 

intervals. 

Figure 7 shows RT PL from the InGaAsN 3-QWs sample upon RTA (700 C) for 

different time intervals. Three PL peaks appear (one for each QW). After 15 min of 

RTA, PL from the 9-nm QW was quenched, due to strain relaxation and the appearance 
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100 nm      GaAs        cap 

3-QWs 
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of misfit dislocations. Dislocations are supposed to appear when the epi-layer exceeded 

a Matthews – Blakeslee critical value for the thickness  strain product.  

RTA time-dependence of BS deduced from these spectra is displayed in Figure 8. 

For comparison, the “BS vs RTA time” curve of InGaAs QW is given, too. From all 

these curves, we find the following: (i) A considerable BS for InGaAs QW occurs and 

remains unsaturated upon 2000 sec of annealing at 700 C. (ii) In the first 30 sec of 

RTA, all the InGaAsN QWs exhibited almost the same BS ( 15 meV; for comparison, 

InGaAs QW had the BS of 2 meV only). (iii) After 30 sec of RTA, the BS of 9-nm 

InGaAsN QW saturated at 24 meV. The BS‟s for the 5-nm and 3-nm InGaAsN QWs 

were 45 and 57 meV after 2000 sec of RTA, respectively. (iv) Between 30 and 700 sec 

of RTA, changes in BS (denoted as BS) were such that BS (3-nm InGaAsN) > BS 

(5-nm InGaAsN) > BS (9-nm InGaAsN) ≈ BS (5-nm InGaAs). (v) After 700 sec of 

RTA, the change rates in BS were BS (3-nm InGaAsN) > BS (5-nm InGaAsN) ≈ BS 

(5-nm InGaAs) > BS (9-nm InGaAsN). 

 

Figure 8.  RTA time-dependence of BS for different QWs studied. The inset shows details at 

the beginning of RTA. 

At optimal Tg, point defects (PDLT), such as Ga vacancies (VGa) or As antisites 

(AsGa) [53, 54], appeared possibly due to atomic migration on the growing front. There 
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was also a large number of N -related point defects (PDN), which were attributed to 

nitrogen interstitials (Figure 2) [P1]. The point defects diffused towards the interfaces of 

the QWs [19, 23, 31, 56], i.e., indium atoms diffused into the GaAs barrier and gallium 

diffused into the QW (increasing Eg). Consequently, graded interfaces were formed. The 

transition energy is increased through changes in alloy composition, lattice strain, and 

QW sub-band energies (Figure 9). The N-related defects gave rise to greater changes in 

BS for 5-nm InGaAsN QW than for 5-nm InGaAs QW before 700 sec of RTA. This is 

expected, in fact, because both samples exhibited similar amounts of PDLT, but 

InGaAsN QW had additional PDN. As shown in our previous study, Ref. [23], the 

diffusion length of indium is short, around 1 nm. The changes in E1 sub-level of QWs 

by the formation of a 1-nm graded interface are: E1 (3-nm QW) > E1 (5-nm) > E1 

(9-nm); all are less than 8 meV. 

 

Figure 9.  (a) Blue-shifts caused by interdiffusion. (b) Experimental evidence for 

interdiffusion: from the simulation of X-ray diffraction (XRD) rocking curves (RCs) obvious 

interdiffusion effects were induced by 5-min of annealing at 650 C (details in Ref. [56]). 

To explain the origin of BS, we studied the blue shifts of the samples during the 

first 30 sec of RTA at 700 C. 

One may assume on good reasons that atomic diffusion across the InGaAsN / GaAs 

interfaces is about the same for all of the samples during annealing. More specifically, if 

only interdiffusion caused the BS, then the magnitudes of the blue shifts should be: BS 

(3 nm) > BS (5 nm) > BS (9 nm). This is anticipated because E1 (3 nm) > E1 (5 nm) > 

E1 (9 nm). However, during the first 30 sec, the blue shifts for all InGaAsN QWs were 

about the same, suggesting that there must be other phenomena that influenced the BS. 

Interdiffussion 

h1                                    h2 

(a)      QW                            QW          (b) 

h1<h2, BS = h2- h1 

E1 

E1 
E1 
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According to calculations of Kim and Zunger [36], re-arrangement of the nearest 

neighbors of nitrogen causes a BS. Klar et al. [37] provided experimental support to 

Kim‟s theory. In InGaAsN, Ga and N are smaller atoms than In and As so that the bond 

configuration of “Ga-As + In-N” should be more closely lattice-matched to GaAs than 

the “Ga-N + In-As” configuration. On the other hand, cohesive energies of binary zinc-

blend solids follow the sequence where GaN has the greatest cohesive energy (2.24 eV 

per bond), then come InN (1.93 eV), GaAs (1.63 eV) and InAs (1.55 eV) [57]. Highly 

strained “Ga-N + In-As” is likely to be formed during growth at Tg  460 C. During 

annealing, “Ga-N + In-As” changes to “Ga-As + In-N” in order to relax local strain. 

This results in five N -related states N-InmGa4-m with m = 0, 1, 2, 3, and 4 [36]. The 

energy difference (20 meV) [36] between neighboring m states is approximately 

constant. In the low Tg growth, the N-In1Ga3 configuration with strongly strained Ga-N 

bonds is the most probable result [37]. Post-growth annealing changes the configuration 

into the most favorable one: N-In2Ga2 [36]. For a site transition from the as-grown state 

of N-In1Ga3 to the annealing state of N-In2Ga2, the blue-shift is ~20 meV. The 

possibilities for the N-InmGa4-m energy states affecting the band structure of InGaAsN / 

GaAs QW are: (i) the states could be bulk-like energy states affecting the band edge, or 

(ii) they could be localized states. 

2.3.1 Hypothesis: N-InmGa4-m energy states are bulk-like 

 

Figure 10. Conduction bands of an InGaAsN / GaAs QW on the assumption that the N-

InmGa4-m states construct the band edge. Em  20 meV [8, 37]. The calculation of BS of this 

construction is shown with an assumption that EC / Eg = 80 %. Eg (GaAs) = 1422 meV and Eg 

(InGaAsN) = 858 meV at 300 K (see Section 1.1). Therefore, EC = 80%  Eg = 80%  (Eg 
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(GaAs) - Eg (InGaAsN)) = 451 meV. The inset equation is for the simplest QW with finite QW 

depth. 

If the N-InmGa4-m energy states were bulk-like ones affecting the band edge of the 

QWs, then the bandgaps of N-InmGa4-m (m = 0, 1, 2, 3, 4) should resemble those of 

Figure 10. In the first 30 sec of RTA, the BS caused by SRO should be: BS (SRO, 3 

nm) > BS (SRO, 5 nm) > BS (SRO, 9 nm) (Figure 10). We suggest that the total BS 

observed is essentially the sum of the two mechanisms: BS (total) = BS (SRO) + BS 

(diffusion). BS (diffusion), as discussed above, is very small in the beginning of RTA. 

Then, the total BS should be: BS (3 nm) > BS (5 nm) > BS (9 nm). An important 

observation is that the BS‟s in InGaAsN 3-QWs with various QW widths remained the 

same (~15 meV) for the first 30 sec of RTA. The assumption that the N-InmGa4-m states 

are bulk-like, affecting the band edge, may not be correct. Therefore, the mechanism of 

BS needs the second assumption: the N-InmGa4-m states should be strongly localized at 

the ground state (E1) inside the QW and not affect the conduction band edge of the 

InGaAsN QW. 

2.3.2 Localized states 

SRO occurs between the nearest neighbors of nitrogen within a very small area of 

about 0.5 nm in diameter. Since [N] < 1 % the average distance between nitrogen sites 

is larger than 2 nm. Therefore, SRO at a nitrogen site should not influence adjacent 

SRO sites, and they are strongly localized, as described in Figure 11 (a). 

The BS caused by SRO is faster than the diffusion-related BS, which is seen in the 

spectra during the first 30 sec annealing at Tann = 700 C. These BS‟s are likely to be 

fully dominated by SRO since they are about the same size for all QWs studied here 

(~15 meV). In low Tg growth, N-In1Ga3 with strongly strained Ga-N bonds is the most 

probable configuration [37]. Post-growth annealing changes this configuration into N-

In2Ga2 [36]. The energy difference between the neighboring states is 20 meV [36]. The 

observed BS of 15 meV in the first 30 sec of RTA was less than the energy difference 

between the neighboring states. This indicates that 30 sec of RTA at Tann = 700 C was 

not enough to convert all the N-In1Ga3 configurations into the N-In2Ga2 ones. The BS‟s 

of InGaAsN 3-QWs are much larger than that of the nitrogen-free InGaAs QW (2 meV), 

which indicates the beginning of group-III interdiffusion (Figure 11 (b)). Within the 

time interval from 30 to 700 sec the BS values have the following order: BS (3 nm 
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InGaAsN) > BS (5 nm InGaAsN) > BS (9 nm InGaAsN) ≈ BS (5 nm InGaAs). An 

increase in BS, as the InGaAsN QW width decreases, is easy to understand because it 

is attributable to a diffusion process (Figure 11 (b)) where both PDN and PDLT are 

presented. After 700 sec, BS of 5-nm InGaAs QW, due to PDLT (no PDN in InGaAs), 

and BS of 5-nm InGaAsN QW (both PDN and PDLT are present), were similar in size. 

This is to say, according to our interpretation, that group-III interdiffusion originating 

from PDN had essentially stopped before 700 sec of RTA, and only PDLT -assisted 

group-III interdiffusion was in effect. The BS of 24 meV for 9-nm InGaAsN QW is 

almost completely attributable to SRO (20 meV) [36]. 

  

Figure 11.  (a) Localized states at ground states E1. (b) Diagram of the origin of a BS of light 

emission from dilute nitrides during thermal annealing includes SRO and atomic diffusion. The 

N-InmGa4-m states are supposed to be localized at E1, not affecting the conduction band edge. 

In summary, we put forward that both SRO and group-III interdiffusion cause blue 

shifts during post-growth annealing of InGaAsN / GaAs QWs. Their relative 

importance depends on RTA treatment. The SRO process is faster than diffusion. We 

may regard two kinds of defects that contribute to diffusion; namely, nitrogen-related 

PDN defects (nitrogen interstitials) and PDLT -related defects that are Ga vacancies 
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and/or As antisites. Diffusion through PDN is thought to occur faster than diffusion 

through PDLT. Therefore, the BS rates seem to be BS (SRO) > BS (PDN) > BS (PDLT).  

2.4 Suppression of blue shift 

InGaAsN layers indicate phase separation and morphological modulation [58], 

which give rise to the group-III interdiffusion during annealing [59]. If we added two 

extra InGaAsN layers with smaller [In] and [N] than those in the QW, one on each side 

of the InGaAsN QW, the layers would suppress diffusion. We call such functional 

layers DSLs: diffusion-suppressing-layers. It is interesting to note that soon after our 

first report on MBE-grown DSLs [23], other researchers demonstrated similar 

improvement by using MOVPE-grown DSLs [24].  

This Section is concerned with thin (2-3 nm) InxGa1-xNyAs1-y DSLs placed between 

the InxGa1-xNyAs1-y QW and GaNyAs1-y SCLs which were embedded in epi-layer GaAs. 

Here, x(QW) > x(DSL) and y(SCL) > y(QW) > y(DSL). 

Table 2  Layer parameters for different samples. 

Sample 

name 
                      Layers 

   Thickness 

   (nm) 

“InGaAs” 
GaAs 167.0 

In0.36Ga0.64As (QW) 5.5 

“InGaAsN” 
GaAs 152.5 

In0.35Ga0.65As0.990N0.010 (QW) 5.5 

“SCL” 

GaAs 166.0 

GaAs0.989N0.011 (SCL) 22.8 

In0.37Ga0.63As0.989N0.011 (QW) 6.4 

“SCL-DSL” 

GaAs 210.0 

GaAs0.986N0.014 (SCL) 13.0 

In0.32Ga0.68As0.991N0.009 (DSL) 3.1 

Ga0.66In0.34N0.0094As0.9906 (QW) 7.8 

Four samples were prepared. The quantum wells consisted of (i) “InGaAs”, i.e., 

GaAs / InGaAs QW / GaAs; (ii) “InGaAsN”, i.e., GaAs / InGaAsN QW / GaAs; (iii) 

“SCL”, i.e., GaAs / SCL / InGaAsN QW / SCL / GaAs; and (iv) “SCL-DSL”, i.e., GaAs 

/ SCL / DSL / InGaAsN QW / DSL / SCL / GaAs. Layer parameters are compiled in 

Table 2. Each complete final sample was made of a 100-nm thick GaAs buffer layer 

deposited onto a GaAs (100) substrate, followed by a 300-nm Al0.3Ga0.7As layer, the 

QW, a 100-nm Al0.3Ga0.7As layer, and a 10-nm GaAs cap. The AlGaAs layers were 

grown at 600 °C, the GaAs layers at 580 °C, and the quantum wells at 480 °C. Growth 
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and post-growth RTA are given in Ref. [P1] [23] *. The AlGaAs layers were used to 

form a cavity to improve PL. 

 

Figure 12.  Measured and simulated XRD RCs for “InGaAsN” before RTA (upper) and after 

RTA (lower). After RTA, the QW peaks become flatter and weaker, and the slope of the part 

between the QW and GaAs peaks becomes smaller, too. The indium diffusion parameter 

changes from 0.4 nm to 0.725 nm. The bars below the measured XRD RC‟s are drawn to guide 

an eye. 

The compositional profile of a heterostructure is affected by diffusion 

length, Dt , where D is the diffusion coefficient and t is the annealing time. For 

as-grown InxGa1-xNyAs1-y / GaAs QW with [In] = x0, the compositional profile upon 

annealing is given by an error function 
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where W is the as-grown QW width and z denotes the length in the growth direction. 

The QW is centered at z = 0. 

                                                 

* It is noted that the RTA temperature, 700 C, in section 2.4 was not the same as the 

RTA temperature, 700 C, in other sections. The RTA experiments in section 2.4 were 

done with an old RTA system and those in other sections were done with a new RTA 

system. 
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Figure 12 displays experimental and simulated X-ray (004) diffraction rocking 

curves (XRD-RCs) for “InGaAsN” before and after RTA. From these data, changes in 

alloy composition are evident: (i) before RTA, the hump from InGaAsN QW is 

narrower and stronger; after RTA it is flatter and weaker. (ii) after RTA the slope of the 

 - 2 XRD range between the QW hump and the GaAs peak becomes smaller. Hence, 

RTA caused indium to diffuse into the GaAs barriers. This out-diffused indium 

contributed to the flatting of the slope of the XRD-RC between the QW and GaAs 

features. The simulated diffusion parameter of the “as-grown” sample is 0.4 nm. The 

upper AlGaAs layers were grown at higher temperature, 600 °C for about 4 min, which 

could induce interdiffusion even before RTA. The „„as-grown‟‟ samples have not 

ideally abrupt interfaces. 

 

Figure 13.  Measured (upper curves) and computer simulated (lower curves, using the error 

function composition profile [60]) XRD-RCs for samples “SCL-DSL” (a) and “SCL” (b) after 

annealing. The dashed lines in the insets are sharp indium distribution profiles when assuming 

the presence of atomically sharp interfaces for the real as-grown samples. The solid lines in the 

insets are the error function profiles of indium upon post-growth annealing according to the best 

simulation fits to the experimental data. The inset in (b) shows a typical division of the sample 

into 0.1-nm thick slices used for simulation. 

To make the difference in XRD-RCs for the annealed and as-grown samples even 

clearer, double-InGaAsN-layer QW samples were prepared near the sample surface [P5] 

[61].The previous Figure 9 (b) shows XRD-RCs of the as-grown (upper curve) and 
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annealed (lower) samples. There was a difference: without annealing the fringe peaks 

from InGaAsN are narrower and more intense than those of the annealed sample. In 

other words, the interfaces of InGaAsN / GaAs have become rougher by annealing, due 

to diffusion. X-ray photoelectron spectra [61] lend support to these XRD data providing 

further evidence for indium diffusion at high Tann.  

Figure 13 shows the experimental and simulated XRD-RCs for “SCL-DSL” and 

“SCL” after annealing. The spectral range  - 2 > 0 is the same for both curves and is 

mainly due to diffraction from SCLs. This part is very sensitive to [N] and diffusion 

length of N, N. In the simulations, the samples consisted of SCL layers, while N was a 

variable. We found that (i) the simulation curves remained unchanged when N < 0.2 

nm; (ii) the diffraction peak 1 was higher and the peak 2 was lower than the 

experimental ones if N > 0.25 nm. Thus, diffusion of nitrogen was not bigger than the 

simulation limit (no difference in simulations can be observed if N is less than the said 

limit of N  0.2 nm). 

In the case of  - 2 < 0, In for In was about 0.15 nm for “SCL-DSL” after 

annealing. This suggested that the diffusion coefficient DIn was small, about 6  10
-6

 

nm
2
/sec. For “SCL” after annealing, In was 1.00 nm and DIn  285  10

-6
 nm

2
/sec. 

The insets of Figure 13 show the shapes of QWs before and after annealing. The 

dashed lines outline the indium distribution profiles without diffusion (In = 0) and the 

solid lines show the profiles after annealing. We can see that the quantum well of 

“SCL” (right panel) has suffered a large change from almost atomically abrupt 

interfaces before annealing to graded interfaces upon annealing, while the QW of “SCL-

DSL” remained almost intact (diffusion prevented by DSL). 
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Figure 14.  (a) PL spectra for as-grown and RTA cases. (b) PL properties. Panel (c) is deduced 

from simulations of XRD-RCs. Open squares are for the PL peak intensities and open circles for 

PL blue-shift after RTA. Solid squares are for N diffusion length and solid triangles are for In 

diffusion length after RTA. 

Figure 14 shows PL properties and interface roughness deduced from simulation 

data of XRD-RCs. The diffusion length was the largest and PL intensity was low for 

“SCL” after RTA. The BS was much larger for “SCL” (BS = 23.4 meV) than for 
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“InGaAsN” (14.9 meV) after RTA. This difference in BS‟s is in accordance with the 

difference in indium diffusion lengths. Placing a DSL on either side of the QW (sample 

“SCL-DSL”), diffusion was suppressed drastically. The BS was 4.2 meV only, which is 

less than the BS for nitrogen-free InGaAs QW. Except for minor diffusion in “SCL-

DSL”, its wider QW rendered the transition energy to be less affected by diffusion (note 

that with the same diffusion rate, a larger QW width leads to a smaller change in E1 of 

QW). PL peak intensity was increased because of weaker interfacial carrier scattering, 

due to smoother interfaces. Strain between the SCL layer and the QW interface in 

“SCL” was 2.64 % (In  1.00 nm). Strain between GaAs and QW in “InGaAsN” was 

2.30 % (In  0.73 nm), and strain between DSL layer and QW was 0.13 % ((In  0.15 

nm)). Such strain differences on the two sides of QW must have played some role in 

group-III interdiffusion across the junctions during annealing. 

Changes in surface morphology caused by the existence of the two DSL layers may 

have acted as a nucleation template on the bottom side and as a phase separator on the 

top side, due to small strain in DSL [58]. The DSLs are thought to weaken the phase 

separation and diffusion. 

In in “InGaAs” was remarkable smaller than In in “InGaAsN” after the same 

annealing process: In (“InGaAs”)  0.20 nm, while In (“InGaAsN”)  0.73 nm. This 

difference suggests that nitrogen incorporation increases group-III interdiffusion by 

generating point defects in the lattice [31, 45]; point defects are known to enhance 

group-III interdiffusion [62]. We could also find that group-V interdiffusion (0.20 < N 

< 0.25 nm) occured but was much smaller than group-III interdiffusion (0.73 < In < 

1.02 nm) in “InGaAsN” and “SCL” after annealing. Our Tann was possibly not high 

enough to induce significant group-V interdiffusion; therefore, only group-III 

interdiffusion was observed. 

In summary, adding a thin DSL layer between GaInNAs and GaAs(N) reduced 

group-III interdiffusion across the QW junctions and reduced the BS. As a result, the 

GaInNAs / GaAs(N) interfaces became sharper. With these DSLs, PL intensity and 

wavelength increased relative to the samples that did not contained DSLs. The PL and 

XRD measurements of GaInAs / GaAs QWs and GaInNAs / GaAs QWs with and 

without DSLs suggested that lattice strain assisted group-III interdiffusion. It was also 
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found that nitrogen in the alloy enhanced group-III interdiffusion, probably due to the 

formation of N -related defects (mainly interstitials). 
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3 Thermal annealing of laser structures 

Incorporation of nitrogen into InGaAs resulted in the formation of non-radiative 

defect centers. Post-growth annealing reduced the density of defects [31, 23]. To protect 

the active layers, Tg for the AlGaAs cladding layer of a laser on top of the QWs must be 

lower than Tg in conventional growth of Al(Ga)As. It is then unavoidable that Al -

related defects appear. To eliminate the Al -related defects, high Tann treatment is 

needed. This treatment improves PL, activates the dopants, and enhances carrier 

conductivity in Al(Ga)As. Annealing effects on the InGaAsN / GaAs EELs are 

discussed in this section. 

Before device processing, we applied RTA for a laser wafer that had InGaAsN / 

GaAs heterostructures. Threshold current densities (Jth) were strongly influenced by 

RTA. RTA at 720 C reduced Jth significantly, but the slope of “Jth vs. 1/L” (L is the 

cavity length) did not change. RTA at 890 C for 1 sec decreased this slope. 

Altogether, four laser lithographic processes were made: one for an as-grown 

sample (no RTA) and three for post-growth RTA samples (720 C for 5 min, 720 C for 

40 min, and 890 C for 1 sec). Details of MBE growth and laser processing are in Ref. 

[P6] [63]. 

Figure 15 shows PL spectra measured after RTA (before a lithographic process). 

All PL intensities are low. This is due to strong absorption in the p-type AlGaAs 

cladding layer and in the p-type GaAs contact layer (heavily Be-doped) on top of QWs. 

When comparing the 720 C (5 min) RTA sample with the as-grown sample one can see 

that PL peak intensity is about the same, but there is a BS of 14 meV for the annealed 

sample and the peak width is somewhat narrower. Hence, 5 min RTA at 720 C 

improved the QW optically. On the other hand, PL was very poor if the sample was 

kept at 720 C for long, 40 min or so, or at a high temperature 890 C for 1 sec (Figure 

15).  
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Figure 15.  Photoluminescence from laser structures after different post-growth treatments: as-

grown (no RTA), 720 C - 5 min RTA, 720 C - 40 min RTA, 890 C - 1 sec RTA. 

If the Be-doped AlGaAs cladding layer and GaAs contact layer were selectively 

etched off, PL exhibited 400 times higher intensity (inset of Figure 16). For RTA at 720 

C, PL increased 3.5 times in 5 minutes and then saturated at that level. For RTA at 890 

C, PL increased about 4 times in 1 second, but then decreased. PL blue-shifted, due to 

the above-said occurrence of group-III interdiffusion and SRO. Comparing this PL with 

PL of the sample without the etching of the Be doped layers it is clear that (i) there is a 

very strong absorption in the Be doped layers; (ii) long time RTA at 720 C or RTA at 

high temperature of 890 C increases absorption of the Be-doped layers; (iii) RTA at 

720 C improves the crystal quality and decreases absorption of the active layers; (iv) 

long RTA at high temperature (890 C) decreases the quality of InGaAsN / GaAs.  
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Figure 16.  RTA time-dependence of PL after Be-doped layers were etched off. Inset shows 

spectra for the as-grown samples with and without Be-doped layers. 

3.1 Laser performance 

Annealing at 720 C for 5 min and 40 min or heated at 890 C for 1 sec improved 

performance of lasers. Figure 17 shows Jth plotted against inverse cavity length (1/L). 

The slope “Jth vs 1/L” is about the same for all of the lasers for which Tann = 720 C but 

is much smaller if the sample was annealed at 890 C. 

The well-known laser equation gives relationships between Jth, the injection gain 

ratio 00 JG , the confinement factor , the absorption loss , the cavity length L, and 

the facet reflectivities (R1 = R2  32 % for the cleaved facets in our case) 
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The confinement factor depends upon the band structure, n, and the layer profile 

of the device. n and device profiles are the same for all these cases. Annealing affects 

only little the band structure itself [23] and leaves  practically unchanged. 
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Figure 17.  Threshold current density vs cavity length for pulsed pumping. 

 

Figure 18.  Effects of annealing on absorption losses () and injection gain ratio ().  is the 

confinement factor, which is not sensitive to annealing. ,  and  are calculated with the Jth 

equation and the data of Figure 17. Inset is the 720 C RTA time dependence of  and PL. 

A comparison to the as-grown sample reveals that RTA at 720 C causes a decrease 

in , as expected, but does not affect . RTA at 890 C can dramatically improve  and 

slightly decrease  (Figure 18). The decrease in  for RTA at 720 C shows a saturation 

effect versus RTA time. We know from many experiments that RTA at about 700 C 

improves optical properties of InGaAsN / GaAs QWs [23]. The decreased tendency of 

the “ vs. RTA time” curve corresponds to an increased tendency of PL versus RTA 
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time (inset of Figure 18), suggesting that light absorption in InGaAsN QW dominates . 

Defect-assisted absorption in Be-doped AlGaAs and GaAs layers takes place for 

photons whose energy is higher than that of photons coming from the active region. 

Therefore, 400 times weaker PL for Be-doped layers with respect to layers without Be 

is thought to be a consequence from strong absorption of 532-nm PL excitation light in 

the Be -doped layer. RTA at 890 C slightly decreases . It should be noted that 

annealing at this high temperature does not only reduce N-related defects, but may also 

induce other kinds of defects. Anyway, 1 sec RTA at 890 C activates Be and improves 

conductivity of carriers, thus increasing . 

3.2 Burn-in test 

 

Figure 19.  Burn-in test at 30 C for broad area (44  1000 m
2
) InGaAsN edge-emitting 

lasers after different post-growth annealing. The equations are used to fit the calculated curves 

to the experimental data. In the insets, power-current curves are shown for Lasers 1#, 2#, 3# and 

4# at burn-in time of 0, 23, 5000 and 10500 hours. Burn-in was set to a constant current mode at 

the drive currents indicated by vertical dash lines. 

Broad-area EEL laser diodes (LDs) were prepared for burn-in tests at 30 C in 

constant-current mode of operation (Figure 19). The devices made of post-growth 

annealed materials at 720 C for 5 min (Laser #3) and at 890 C for 1 sec (Laser #2) 
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exhibited usual slow time-dependent aging. Burn-in significantly improved the 

performance of the devices made of as-grown materials (Laser #1), while dramatically 

decreased the performance of the devices made of annealed materials at 720 C for 40 

min (Laser #4). This indicates that 

(1) Proper active region heat treatment to decrease absorption losses (720 C RTA 

5 min) and another heat treatment (890 C RTA 1 sec) for improving current-

conductivity to increase the gain injection ratio result in stable laser operation. 

Too much annealing or no annealing at all, gives rise to abnormal aging 

behaviour. The lasers become unstable. 

(2) Long RTA induces strong atomic diffusion at the interfaces of the QW / 

barrier and relaxes strain in QW. This strain relaxation induces mismatch 

dislocations. During operation of lasers, the dislocations induced by RTA can 

act as nucleation centres for dislocations, due to strain that is induced by 

heating when driving the laser at 800 mA so that more and more dislocations 

are introduced. These devices age quickly and may die (Laser #4). 

(3) From our preliminary burn-in test results, we conclude that, for the devices 

made of as-grown materials, high injection current heats the laser chip and 

may remove some of the point defects that are created by low-Tg of InGaAsN 

(Figure 2) and, hence, improves lasing characteristics. 
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4 High-performance lasers  

We developed high-power single-mode InGaAsN / GaAs lasers. Excellent 

performance features in terms of threshold current density, light output, beam quality, 

high-temperature operation, and robust tests will be presented in this section. 

4.1 Single mode operation 

The laser structure (Figure 20) [P6] were grown on standard n-type GaAs (001) 

substrates by MBE. It consisted of a 1.5-m n-doped Al0.6Ga0.4As cladding, a 6-nm 

In0.36Ga0.64As0.99N0.01 quantum-well embedded in an undoped GaAs waveguide, a 1.5-

m p-Al0.6Ga0.4As cladding, and a p
+
-GaAs contact layer. Tg of n-AlGaAs, p-AlGaAs, 

GaAs, and InGaAsN layers were 610, 580, 580, and 460 
o
C, respectively. The 

interdiffusion suppression structure discussed in section 2.4 showed better PL properties, 

i.e., longer wavelength and higher PL intensity, than the above structure, but the laser 

performance was worse. The reason may be due to too many interfaces in the active 

region, acting as carrier scattering centers. In our experiments, we just used the simplest 

structure for lasers. 

 

Figure 20. Scanning electron microscope of a GaInNAs / GaAs QW laser structure. 

To achieve single mode performance, narrow-width ridge waveguide (RWG) lasers 

were processed. Prior to processing the chips, heat-treatment was carried out to remove 

non-radiative recombination centers. Lasers with narrow-stripe ridges (4 m) were 

processed using SiCl4 dry etching and then passivated with rf-sputtered SiNx layers. The 

n –GaAs (001) Substrate 

n - Al0.6Ga0.4As 1.5 m  

i -GaAs 176 nm 

In0.36Ga0.64As0.99N0.01 QW 
6 nm 

i -GaAs 176 nm 

p -Al0.6Ga0.4As 1.5 m 

p+ -GaAs 200 nm 
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p- and n- contact metallization, sample thinning and cleaving and mounting were 

similar to the processing of broad-area lasers. 

 

Figure 21. L-I curves for pulse (1 sec in duty of 1 %) operation of an as-cleave chip 4×1200 

m
2
 from 20 to 120 

o
C. Inset shows the temperature dependence of Ith. 

 

Figure 22. Single-mode emitting of a 4 × 1200 m ridge-waveguide laser with AR / HR (10% 

/ 60%) coated facets is obtained with side mode suppression ratio (SMSR) of 19 dB for cw 

operation at 20 
o
C. Inset shows the far-field in pulse operation at 20 

o
C. 

In pulsed operation (10 s, duty cycle = 1 %) at 20 
o
C (Figure 21), Ith for a 4  1200 

µm
2
 laser with uncoated facets was 15 mA and Jth was 313 A/cm

2
. To the best of our 

19 dB 
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knowledge, this is one of the lowest Jth‟s reported in the literature for dilute nitride 

RWG lasers [65]. Illek et al. [66] reported lower Ith of 11 mA (uncoated, 300 m in 

length, and 2.5 m AlAs wet oxidation aperture), but Jth was high, 1.5 kA/cm
2
. 

The lasers could be operated in pulse mode up to 120 
o
C (see Figure 21). At 120 

o
C, 

they launched 20 mW output per facet at I = 300 mA. For comparison, the highest 

operation temperature, 175 
o
C, demonstrated so far [67] has been achieved by a double-

quantum-well laser, using polyimide planarization. Polyimide has a good thermal 

conductivity of 1.0 Wm
-1

K
-1

 at RT [68], which is 30 times better than that of air (which 

was our case), significantly improving high-temperature operation. However, Ith of that 

6 × 600 m
2
 laser under pulsed operation [67] was 50 mA, corresponding to Jth = 1.38 

kA/cm
2
, which was about 4 times higher than Jth of ours. From the temperature 

dependence of Ith, characterization temperature T0 (inset of Figure 21) was 140 K in the 

range of 20 - 80 
o
C and 68 K for T > 80 

o
C. 

After coating the facets with AR (10 %) / HR (60 %) dielectric layers, the output 

(pulse) was increased to 240 mW at RT [P7], and Ith was 30 mA. The differential 

efficiency was as high as 0.64 W/A, which is similar to the highest peak value (0.67 

W/A) reported in [69]. Our laser operated in kink-free single mode (lateral) up to the 

highest output (Figure 22). 

4.2 Thermal roll-over test 

We have studied operational stability of the lasers by carrying out thermal roll-over 

test, TRO for short, on broad-area devices of  44  1000 in size. For each TRO, the 

drive current was ramped at the rate of 10 mA/sec over the current range 0  I  1.6 A 

so that the total time for each TRO run was 160 sec. TRO was repeated 100 times at 

each chip temperature except for the 55 
o
C case for which TRO was made only 20 times. 

The chip temperatures were 20, 30, 40, 50, and 55 
o
C. The light / current curves (L-I) 

were automatically recorded. During the temperature ramp, for example, from 20 to 30 

o
C, the current was switched off.  

The results are compiled in Figure 23. We can see that at low temperatures, 20 and 

30 
o
C, hardly any change at all takes place in L-I curves after as many as 100 TRO runs, 

which indicates that our laser is robust under test near the RT (in fact, output power 
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increased slightly after many runs, due to annealing). At 40 

o
C, however the output is 

decreased after 50 TRO runs but, surprisingly, at T = 50 
o
C no change in L - I curves 

appears after 100 runs (though emission, indeed, is very low). When temperature was 

set back to 20 
o
C (for the same chip), output was decreased by 50 % with respect to the 

fresh chip at 20 
o
C. We believe that this phenomenon revealed by the TRO tests could 

be understood in one way only. We propose that maintaining the chip at 40 
o
C (for 100 

 160 sec  4.4 h) probably generated new crystal defects, perhaps due to relaxation of 

strain-related misfit dislocations that lowered emission. These defects almost certainly 

remained in the crystal at T = 50 
o
C, accounting for very low lasing power obtained. 

Actually, we went up to T = 55 
o
C where the laser was barely operational. It should be 

noted that the TRO tests were made with a simple-structure device; one may expect that 

if the laser consisted of more sophisticated structure, for example SCL – DSL, the 

thermal roll-over tests would indicate a more stable behavior at high temperatures. 

 

Figure 23.  cw operation TRO tests for a broad area chip (441000 m
2
) EEL made of the 

same wafer as described above. 
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5 Concluding remarks 

In this Thesis, we have studied dilute nitrides, InGaAsN, as grown by MBE. We 

have examined the band structure, nitrogen location in the lattice, molecular nitrogen in 

the lattice, BS, suppression of the BS, thermal annealing of lasers, and relatively high-

performance lasers. These results are published in 9 peer-reviewed articles. I summarise 

them as follows. 

The incorporation rate of nitrogen into InGaAs decreases if growth temperature (Tg) 

is higher than 500 C. At ORC, optimal Tg was found to be around 450 C. A large 

number of interstitial nitrogen (up to 10
19

 cm
-3

), gallium vacancies (10
16

 cm
-3

), N-N 

clusters and other complexes were created at this low temperature (450 C). 

Point defects led to low PL intensity and wide PL line width, as expected. Post-

growth heat treatment (notably, RTA), must be applied to reduce the defect density. 

Optimal annealing may increase PL by two orders of magnitude. Unfortunately, a BS of 

emission (BS) occured simultaneously and could become very large, 280 nm, which 

cannot be tolerated for telecom lasers. 

Both short range ordering (SRO) and group-III interdiffusion generated BS‟s during 

annealing of InGaAsN / GaAs samples. SRO is a faster process than diffusion. We 

regarded essentially two kinds of defects that contributed to diffusion; namely, nitrogen-

related PDN defects (mainly nitrogen interstitials) and PDLT-related defects (Ga 

vacancies or As antisites). Diffusion through PDN was concluded to occur faster than 

diffusion through PDLT. Therefore, the BS rates appeared to be as follows: BS(SRO) > 

BS(PDN) > BS(PDLT). 

A small amount of molecular nitrogen (N2) was incorporated into the alloys during 

MBE growth. N2 only acted as an interstitial defect, which enhanced interdiffusion of 

indium and gallium across the junctions and gave rise to a large BS upon prolonged 

RTA. Nitrogen atoms at the lattice sites induced SRO in the beginning of RTA.  

Adding a thin DSL layer between GaInNAs and GaAs(N) reduced group-III 

interdiffusion across the QW junctions and the BS; then the GaInNAs / GaAs(N) 

interfaces became sharper. With these DSLs, PL intensity and wavelength increased 
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relative to the samples that did not contained DSLs. The PL and XRD measurements of 

the GaInAs / GaAs QWs and GaInNAs / GaAs QWs with and without DSLs suggested 

that lattice strain assisted group-III interdiffusion. It was also found that a small amount 

of N enhanced group-III interdiffusion, which was assigned to the formation of N-

related interstitials. 

Active-region-improvement heat treatment to decrease absorption losses (720 C 

RTA 5 min) and current-conductivity-improvement heat treatment to increase the gain 

injection ratio (890 C RTA 1 sec) resulted in stable laser operation. Too strong 

annealing or no annealing at all, exhibited abnormal aging behaviour: a long-term 

operation of these lasers was unstable. 

Single-mode lasers with low threshold and high T0 were demonstrated. The lasers 

could be operated at 120 C. TRO tests were performed and the results indicated that 

the InGaAsN lasers were quite robust against chip temperature at 20 
o
C and 30

 o
C in our 

preliminary experiments, which were repeated upto a hundred times for the most of the 

operation temperatures. 
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Abstract

We studied effects of the distribution of interstitial (Ni) and substitutional nitrogen (Ns) and In/Ga interdiffusion on

optical properties of the dilute nitride quantum wells (QWs) and the ways of suppressing diffusion. Without annealing,

the concentration of Ni remained almost constant while Ns was linearly dependent on the total number of N. After

annealing, the Ni can be removed dramatically, and interdiffusion between In and Ga was found. Inserting a thin

InxdGa1�xdNydAs1�yd layer on either side of an InxqGa1�xqNyqAs1�yq QW (xq > xd) appears to suppress this

interdiffusion. As a consequence, a blue shift of the photoluminescence signal after annealing remained small and the

optical activity was largely improved. It was also found that a small amount of N incorporated in InGaAs QWs

embedded in GaAs increased the In/Ga interdiffusion and that increased mechanical stresses enhanced the

interdiffusion.

r 2003 Elsevier Science B.V. All rights reserved.

PACS: 68.35.Fx; 61.10.Nz; 78.55.Cr; 81.15.Hi; 68.65.+g

Keywords: A1. Defects; A1. Diffusion; A1. X-ray diffraction; B1. Nitrides; A3. Molecular beam epitaxy; A3. Quantum wells

InGaNAs grown on GaAs is expected to be used
for 1.3 mm semiconductor lasers. Recently, low-
threshold current densities of edge emitting laser at
1.32 mm [1], and CW operation of VCSEL at
1.28 mm [2], have been demonstrated by using
InGaNAs materials. By adding a little nitrogen in
an InGaAs/GaAs QW, a strong bandgap-bowing
in the QW is caused [3], providing better electron
confinement. This leads to higher performance of
lasers. However, the nitrogen incorporation rate in
InGaAs decreases dramatically if the growth

temperature is higher than 5001C [4]. Here optimal
deposition temperature is around 440–4501C. At
so low a temperature, a large number of interstitial
nitrogen (up to 1019 cm�3), gallium vacancies
(1016 cm�3), and N–N and other complexes are
induced [5,6]. This results in lower photolumines-
cence (PL) intensity and wider line width as a
result of increased non-radiative centers. A post-
growth heat treatment has to be applied in order
to remove these defects. After such a heat
treatment, the PL intensity can be increased by
up to two orders of magnitude [7], while result-
ing in a big blue shift (BS) up to 280 nm [8]
due to mainly two factors: (1) (mainly group-III
[9]) interdiffusion effects at the interfaces of

*Corresponding author. Tel.: +358-3-3115-2552; fax: +358-
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InGaNAs/GaAs(N). As a result, a graded InGa-
NAs/GaAs interface is formed. (2) The change of
the N nearest-neighbour configuration [10].

InGaNAs layers are well known to demonstrate
phase separation and morphology modulation
[11], which cause the group-III interdiffusion
during annealing [12]. Less In or/and N in
InGaNAs layer causes less phase separation [11].
If we add two additional InGaNAs layers with less
In and N composition on each side of the
InGaNAs QW, the bottom layer may act as a
nucleation template and the top layer may act as a
phase separation cap layer. Then these two layers
may suppress the interdiffusion. We call such
function layers diffusion suppressing layers
(DSLs). In this report, we inserted a thin (2–
3 nm) InxdGa1�xdNydAs1�yd DSL between the
InxqGa1�xqNyqAs1�yq QW and a GaNysAs1�ys

strain compensating layer (SCL) embedded in
GaAs with xq > xd and ys > yq > yd :

Positron annihilation spectroscopy (PAS) is
used to study point defects (in particular, vacan-
cies) in semiconductors. Positrons trapped at
vacancy defects are experimentally observed as
an increase in the positron lifetime and a narrow-
ing of the momentum distribution of the annihilat-
ing electron–positron pairs [13]. Rutherford
backscattering spectrometry (RBS) using a high-
energy ion beam is a well-established method to
quantify the composition of matrix elements and
interstitial impurities in near-surface layers of
single crystalline materials [14]. Since RBS meth-
ods are not sensitive to nitrogen atoms, nuclear
reaction analysis (NRA) was employed in this
study utilizing the 14N(d,p)15N and 14N(d,He)12C
reactions.

Samples were grown by MBE on (0 0 1) GaAs
substrates. A radio frequency (RF)-coupled plas-
ma source was used to generate reactive nitrogen
from N2. For PAS and NRA studies, a series of
GaAs 10 nm/InGaNAs 7 nm were grown on GaAs
(1 0 0) with N composition from 0.4% to 2.1% at
4401C. Four kinds of samples were grown for
interdiffusion and PL as: GaAs substrate/
100 nm GaAs buffer/300 nm Al0.3Ga0.7As/active
layer/100 nm Al0.3Ga0.7As/10 nm GaAs cap layer,
with optically active regions consisting of ‘‘IGA’’:
GaAs/In0.36Ga0.64As/GaAs layers, ‘‘IGNA’’:

GaAs/In0.35Ga0.65N0.01As0.99/GaAs layers, ‘‘SCL’’:
GaAs/SCL (ys ¼ 0:011)/In0.37Ga0.63N0.011 As0.989/
SCL/GaAs layers, and ‘‘SCL–DSL’’: GaAs/SCL
(ys ¼ 0:014)/DSL (xd ¼ 0:32; yd ¼ 0:009)/In0.34-
Ga0.66N0.0094As0.9886/DSL/SCL/GaAs layers. The
growth was described in detail in Ref. [15]. Rapid
thermal annealing (RTA) was at 7001C for 30 s
under N2 protection ambience and in situ anneal-
ing (ISA) was at 6551C (pyrometer temperature)
for 1 h under As protection ambience.

Using positron-annihilation measurements and
a nuclear reaction 14N(d,p)15N and 14N(d,a)12C
analysis in conjunction with Rutherford back-
scattering in the channeling geometry, we observed
a high density of N interstitials (1019 cm�3) and Ga
vacancies (1016 cm�3) in as-grown GaInNAs con-
taining 0.4–2.1% of nitrogen. These defects are
thought to be responsible for a very low lumines-
cence efficiency of as-grown InGaNAs. The
measurements revealed that the concentration of
interstitial N (Ni) remained almost constant, 2.1–
2.4� 1019 cm�3, while that of substitutional N
(Ns=N�Ni) increased linearly, as the total num-
ber (N) of nitrogen was increased from 1.7 to
9.4� 1020 cm�3 by increasing the power of plasma
source (Fig. 1). Annealing removes most of the Ni

(see the inset) and the number of Ns increases. This

Fig. 1. Atomic concentrations of substitutional (Ns) and

interstitial (Ni) nitrogen before RTA, and after RTA (Ns

RTA) and (Ni RTA). Annealing removes most of the Ni (see the

inset) and increases the corresponding Ni number to Ns. As the

total number of N is increased, Ns grows linearly and Ni

remains almost constant.
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implies that annealing probably activate the Ni to
Ns sites and hence decrease N-related defects.

Fig. 2 shows double crystal X-ray diffraction
rocking curves (XRD-RCs) of the sample IGNA
for both before and after RTA. The simulation of
In diffusion was according to the error function,
which was discussed in detail in Ref. [14]. From
the experimental data, the difference is: (1) before
RTA, the peak from IGNA QW is narrower and
higher, while after RTA, it is more flat and lower.
This means the effective width of QW becomes less
after RTA; (2) after RTA, the slope of the part
between QW and GaAs peaks becomes much more
flat. We believe that more In diffused into the
GaAs barriers after RTA. The diffused In
contributed the flatting of the slope of the part
between QW and GaAs peaks. This is a strong
evidence to support the interdiffusion during
RTA. Under this assumption, the simulated In
diffusion length of the as-grown sample is 0.4 nm.
The high-temperature AlGaAs [15] growth process
is also an annealing process for QW. Further XRD
studies with higher resolution equipment will
clarify this assumption. From Fig. 1, we can see
that the Ni is only about 4% of total N in case of

1% of N composition in sample ‘‘IGNA’’. Even all
of Ni change to Ns after annealing, the change of
N composition is from 0.0100 to 0.0104. During
simulation, such small change cannot make any
observable difference. Therefore, the XRD-RC
peaks change by Ns increase after RTA is not
realistically detectable.

Fig. 3 shows the relationship of PL (300K)
properties and simulation data of X-ray rocking
curves. The diffusion length was the largest and
the PL intensity was very low for SCL-RTA. The
observed BS was much bigger for the SCL-RTA,
BS=34.5 nm, than for the IGNA-RTA,
BS=19.5 nm. This difference in the BS was
consistent with the difference of diffusion lengths
of these two samples. The strain between the
tensile-strained SCL and the compressive-strained
QW in sample ‘‘SCL’’ was higher (2.64%,
dIn(RTA)E1.00 nm) than the strain between the
GaAs and the QW interface (2.30%, dIn(R-
TA)E0.73 nm) of the IGNA. Placing a DSL on
either side of the QW (Sample SCL–DSL), the
diffusion was suppressed dramatically. The BS
was reduced to 6.0 nm. The PL peak intensity was
increased and PL FWHM after RTA was

Fig. 2. Measured and simulated XRD-RCs of sample IGNA in the cases of before (upper) and after (lower) RTA. After RTA, the QW

peaks become more flat and lower, and the slope of the part between QW and GaAs peaks becomes more flat too. The In diffusion

parameter change from 0.4 to 0.725 nm. The bars below the measured XRD-RCs are drawn by eyes to show the slope.
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decreased significantly because of less interfacial
scattering of carriers due to less interfacial rough-
ness. Therefore, the strain difference between the
two sides of the interface played a key role for
group-III interdiffusion during annealing: the
larger the difference, the larger the interface
roughness.

Changes in the surface morphology or the phase
separation process, caused by the appearance of
two DSL layers, may act as a nucleation template
on the bottom side and as a phase separation cap
layer on the topside because of smaller strain in
DSL [11]. The DSLs decrease the phase separation
and hence decrease the interdiffusion.

The dIn of sample IGA was much smaller than
IGNA after the same annealing, dIn(IGA-
RTA)E0.20 nm, dIn(IGNA-RTA)E0.73 nm. This
implies that a small amount of nitrogen incorpora-
tion could increase the In/Ga interdiffusion. A

large amount of point defects was induced during
the incorporation of N in nitride layers. Such point
defects can enhance the In/Ga interdiffusion
dramatically [16].

We also found that the N/As interdiffusion
(dNE0.20–0.25 nm) was much smaller than that of
In/Ga (dInE0.73–1.02 nm) in the samples IGNA
and SCL after annealing. Apparently, our anneal-
ing temperature was not high enough to induce
any significant N/As interdiffusion.

In summary, the concentration of substitutional
N increases linearly and that of interstitial N
remains almost constant as the total number of N
is increased. Annealing removes the interstitial N
and hence decreases N-related defects. The re-
moved interstitial N is probably activated to
substitutional site. By adding a very thin DSL
between GaInNAs and GaAs(N), both the inter-
diffusion of In/Ga and PL BS are decreased

Fig. 3. Results of the simulation X-ray rocking curves and PL (300K) properties. (a) Empty squares stand for the PL peak intensities,

solid and empty circles for PL peak wavelength of as grown and after RTA, respectively. (b) Solid squares stand for the N diffusion

length, solid triangles for the In diffusion length after RTA, and empty triangles for the PL FWHM after RTA.
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significantly and the interfaces of the GaInNAs/
GaAs(N) QW become much sharper under the
same annealing operation. Detailed PL and X-ray
diffraction investigations of GaInAs/GaAs QWs,
GaInNAs/GaAs QWs with and without DSLs
suggest that the strain at interfaces plays an
important role in group-III interdiffusion. It was
also found that a small amount of N incorporated
in InGaAs/GaAs QWs increased the In/Ga inter-
diffusion significantly because of a large mount of
N-related defects were induced.

This work was supported by the Technology
Research Centre of Finland (within COST 268 B
Project) and the Academy of Finland (within
EMMA Project).
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N2-incorporation-induced blue shift in
InGaAsN/GaAs quantum well during annealing

C.S. Peng, H.F. Liu, J. Konttinenn and M. Pessa

Abstract: Three different kinds of quantum wells (QWs) were grown at the same growth
temperature by molecular beam epitaxy (MBE): InGaAs/GaAs QW without any N2 background;
InGaAs(N2)/GaAs double QWs with N2 flow to the sample but without plasma; and
InGaAsN/GaAs QW with N-plasma. The latter two types of QW were grown on one sample.
Post-growth rapid thermal annealing (RTA) was applied to them at 700 8C. After 31.5 min of RTA,
it was observed that the photoluminescence blue shift of the InGaAs(N2) QW was 40 meV, which
was 9 meV more than that for the InGaAsN QW, and the InGaAs QW had only about 13 meV blue
shift. However, for the as-grown case, the PL peak position of the InGaAs QW and InGaAs(N2)
QWs were the same (1148 nm), and for the InGaAsN QW it was 220 nm longer. This indicates that
there is N2 incorporation during InGaAsN growth, the N2 incorporation does not affect the band
structure and the N2 incorporation dominates the blue shift during RTA.

1 Introduction

Dilute nitride alloys InGaAsN are promising materials for
cost-effective GaAs-based semiconductor lasers operating
at optical fibre telecommunications wavelengths around
1:3 mm [1–3], which is currently dominated by InP
technology. The large difference in electronegativity and
in atom size between N and As leads to a reduction of the
energy bandgap with increasing N composition, roughly
150 meV per N%; and lowers the lattice strain in InGaAsN
on GaAs [1]. The large band offset in InGaAs=GaAs
can maintain strong carrier confinement [4] even at
high temperature [2, 5 – 7]. Recently, low-threshold,
high-power, high-temperature operation single-mode
edge-emitting lasers at 1:26 mm [8] and CW operation of
VCSELs at 1:28 mm [9] have been demonstrated using
InGaAsN materials.

However, the incorporation of nitrogen into
InGaAs=GaAs induces a large number of N-related defects,
which increase the density of nonradiative centres. This
results in lower photoluminescence (PL) intensity and wider
line width compared to the PL from InGaAs=GaAs. In order
to remove such defects and increase the efficiency of
radiative recombination, post-growth annealing of the
InGaAsN materials is necessary. By annealing, the PL
intensity is increased by up to 100 times [10] with a
concomitant large blue shift (BS) of up to 280 nm [11]. The
BS has been attributed to two factors: (i) rearrangement of
the N-neighbourhood, so-called short-range order (SRO)
[12]; and (ii) interdiffusion of atoms at the InGaAsN=GaAs
interfaces (mainly group-III atoms [13, 14]). To increase the
incorporation of N, the growth temperature of InGaAsN is
very low, around 450�C: At such low growth temperature,

a large number of Ga-vacancies are induced. The large
indium atoms are more likely to diffuse into the adjacent
GaAs layers and the small gallium atoms diffuse into
InGaAsN layer via Ga-vacancies. The N-related defects can
increase this interdiffusion because nitrogen atoms are even
small than gallium atoms.

In this paper, we will demonstrate the incorporation of
molecular nitrogen and its effect on the PL BS.

2 Results and discussion

The samples were grown by solid-source molecular beam
epitaxy (MBE). A radiofrequency (RF)-coupled plasma
source was used to generate reactive nitrogen from 7-N N2:
Three kinds of quantum wells (QWs) were grown at the
same growth temperature: (a) pure InGaAs=GaAs single
quantum well (SQW) without any N2 background in the
MBE growth chamber; (b) InGaAsðN2Þ=GaAs double
quantum wells (DQWs) with only N2 flow to the sample
but RF switched off; and (c) InGaAsN=GaAs QW with RF
switched on and the same N2 flow. The reason for using
InGaAsðN2Þ=GaAs DQWs was to increase the PL intensity
of InGaAsðN2Þ because the PL intensity of the InGaAsðN2Þ=
GaAs SQW was too low. Two samples were grown: 5-nm
In0:35Ga0:65As SQW and 5-nm In0:35Ga0:65AsðN2Þ=32-nm
GaAs=5-nm In0:35Ga0:65AsðN2Þ=32-nm GaAs=5-nm In0:35

Ga0:65As0:994N0:006 triple QW. The samples were grown on
GaAs (001) substrates and sandwiched by a 100 nm GaAs
buffer layer and a 100 nm GaAs cap layer (see Fig. 1). A
32 nm barrier is big enough to prevent the carriers in the
QWs affecting those in other QWs. The compositions were
determined by X-ray diffraction with separate InGaAs and
InGaAsN SQW calibration samples. The thickness was
from the design according to the growth rate. The growth
temperatures for the QW active region was 460�C and for
the GaAs buffer and cap layers was 580�C: The whole
structures were grown without any interruptions. Approxi-
mately 20 nm GaAs near the active region was grown using
a temperature ramp from 580�C to 460�C and the reverse.
Post-growth rapid thermal annealing (RTA) was applied
at 700�C on these samples. The RTA was operated under
N2 protective ambient and the samples were sandwiched by
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a GaAs wafer to prevent As evaporation from the sample
surface. Room temperature (RT) PL was measured after
different RTA times. PL spectra were collected with an
automated PL system at room temperature equipped with a
532-nm Nd:YAG laser and an InGaAs detector array.

Figure 2 shows the RT PL spectra of the triple QW
sample after 700�C RTA for different times. From the
spectra, the PL intensity from the InGaAsðN2Þ DQWs
was lower than the InGaAsN QW in all the spectra. In
the as-grown case, the InGaAsðN2Þ DQWs PL peak
position was the same (1148 nm) as InGaAs SQW (not
shown here), but the PL from the InGaAs SQW was
more than three times stronger than that from the
InGaAsN QW. This indicates that the N2 incorporation
dramatically decreased the quality of the InGaAsðN2Þ
QWs, but it did not affect the transition energy. The N2

incorporation just introduced defects; the nitrogen did not
incorporate into the lattice sites and therefore did not
affect the band structure.

The RTA time dependence of the PL BS and peak
intensities of the triple QW sample is shown in Fig. 3. In
comparison, the BS–RTA time curve of the InGaAs SQW

was added in Fig. 3. From these PL–RTA time curves, we
observed that: (i) there was a BS in the InGaAs QW due to
the Ga-vacancies grown at low temperature ð460�CÞ [15];
(ii) there was a noticeable BS for InGaAsðN2Þ DQWs and
the BS is even bigger than that of the InGaAsN QW after
180 s annealing at 700�C; and (iii) for the InGaAsðN2Þ
DQWs, during the process of RTA, the PL was quenched
quickly after 20 s, increased after 180 s, and then it was
quenched slowly again after 690 s. During the first
quenching of the InGaAsðN2Þ PL, the increasing of the
BS of the InGaAsðN2Þ DQWs, of both PL BS and intensity
of InGaAsN QW, slow down to a constant value. During the
second increase of the InGaAsðN2Þ PL, all these three
parameters increased steadily and tended to saturate during
the second quenching.

The quenching of the InGaAsðN2Þ DQW PL is due to the
strain relaxation because the total thickness of these DQWs
is near the critical thickness. There are a large number of
N2-related defects which can act as the nucleation site of a
misfit dislocation. The double quenching indicates that the
process of strain relaxation is step-like and the later step is
smaller and slower than the earlier one. During strain
relaxation, the BS of all the three QWs slows down. This
implies that strain plays an important role in the BS. The
strain increases the interdiffusion [13] and thus enhances the
BS. During strain relaxation, the total local strain decreases
and thus the BS slows down. Because of the deep levels
induced by the misfit dislocations in the upper layers, it is
reasonable that the increasing of the lower InGaAsN QW PL
intensity slows down.

Comparing the PL BS of the InGaAs QW and the
InGaAsðN2Þ QWs, it was surprising to find that the BS of
the InGaAsðN2Þ QWs is for larger than for the InGaAs QW,
and it is even larger than for the InGaAsN QW. During the
growth of the three QWs, the N2 flows for all the three QWs
were the same. Even when the RF was on for the InGaAsN
QW, more than 99:99% of the flowing gas was N2 because
the N2 background pressure is 100 times more than for
the pure InGaAs QW growth condition and also the
N composition of the InGaAsN QW was less than 1%:
Therefore, the N2 flows for both InGaAsN and
InGaAsðN2Þ were the same. This indicates that the N2 was
incorporated in the triple QW growth and it dominated the
BS. It is reasonable that the BS of InGaAsðN2Þ is larger than
for InGaAsN because the strain in InGaAsðN2Þ is higher
than in InGaAsN and the strain enhances the interdiffusion
[13].

Further investigation on how and by how much the N2 is
incorporated is underway.

Fig. 1 Diagram of the sample structures

a InGaAsðN2Þ=GaAs and InGaAsN=GaAs triple-QW sample
b InGaAs=GaAs SQW

Fig. 2 Photoluminescence (PL) spectra of InGaAsNþ
InGaAsðN2Þ triple QW at room temperature (RT) after 700�C
RTA for different times

Fig. 3 RTA time dependence of PL blue shift and intensity for
different QWs
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3 Conclusions

In summary, we conclude that: there is N2 incorporation in
dilute nitride growth by RF-source molecular beam epitaxy;
the N2 incorporation dominates the PL BS in the dilute
nitrides during post-growth annealing; the N2 incorporation
does not affect the band structure for the as-grown case; the
strain relaxation is step-like and the later step is smaller and
slower than the earlier step during annealing; and strain
affects the BS.
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Abstract

InGaAsN/GaAs 3-QWs with different well widths of 3, 5 and 9 nm were grown in one wafer. By studying the thermal

annealing and photoluminescence (PL), we observed that, (1) the blue shifts (BS) were the same of up to �15meV in the

first 30 s for all 3 QWs; (2) after this, the BS of the 9-nm QW saturated very soon at 24meV and the BSs of 5- and 3-nm

QW were saturated much more slowly at more than 45 and 57meV, respectively. There are at least two factors affect the

BS: inter-diffusion and short-range ordered (SRO). SRO is started and saturated much faster than inter-diffusion

during annealing.

r 2005 Elsevier B.V. All rights reserved.
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Keywords: A1. Inter-diffusion; A1. Short-range ordered; A3. Molecular beam epitaxy; A3. Quantum well; B1. Dilute nitride
1. Introduction

The electronic structure of dilute nitrides, In-

xGa1�xAs1�yNy, is markedly different from that of
conventional alloys. The large difference in electro-
negativity and in atom size between nitrogen and
arsenic leads to a reduction of the energy bandgap
with increasing mole fraction of N, roughly
150meV per percent N, and lowers net lattice
strain in InGaAsN on GaAs [1]. The novel
electronic structure can maintain strong carrier
e front matter r 2005 Elsevier B.V. All rights reserve

ysgro.2005.01.020
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confinement [2] even at high temperature, which
makes pseudomorphic InxGa1�xAs1�yNy a promis-
ing semiconductor for cost-effective GaAs-based
telecommunication applications in the 1.3–1.55mm
spectral region [3–6], which is currently dominated
by the InP technology. Recently, low-threshold,
high power, high temperature operation single
mode edge emitting lasers at 1.26mm [7], and CW
operation of VCSEL at 1.28mm [8], have been
demonstrated using InGaAsN materials.
However, the incorporation of nitrogen in

InGaAs/GaAs results in lower photoluminescence
(PL) intensity and wider line width compared to
the PL from InGaAs/GaAs, which is due to an
d.
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Fig. 1. Diagram of the sample structures.
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increased density of non-radiative centers (N-
related defects). In order to remove such defects
and increase the efficiency of radiative recombina-
tion, post-growth annealing of the sample is
necessary. By annealing the PL intensity is in-
creased by up to 100 times [9] with a concomitant
large blue shift (BS) of up to 280 nm [10]. The BS
has been attributed to two factors: (1) interdiffusion
of atoms at the interfaces of InGaAsN/GaAs
(mainly group-III [11,12]). (2) Kim and Zunger
reported their theoretical calculation that re-
arrange of the N-neighborhood, so-called short-
range ordered (SRO) [13], also introduces BS.
Klar et al. [14] supported this calculation experi-
mentally.
Many people only considering one factor in

their reported results. Actually, both interdiffusion
and SRO contribute the PL BS of these dilute
nitrides. In this paper, we report the evidence of
both BS factors.
2. Results and discussion

The samples were grown by solid source
molecular beam epitaxy (MBE). A radio frequency
(RF)-coupled plasma source was used to generate
reactive nitrogen from N2. Two samples were
grown: 5-nm In0.35Ga0.65As single QW (SQW) and
3-nm In0.35Ga0.65As0.994N0.06/35-nm GaAs/5-nm
In0.35Ga0.65As0.994N0.06/35-nm GaAs/9-nm In0.35-
Ga0.65As0.994N0.06 3-QWs. The samples were
grown on GaAs (0 0 1) substrates and sandwiched
by 100 nm GaAs buffer layer and 100 nm GaAs
cap layer (see Fig. 1). Thirty five nanomaters
barrier is big enough to avoid the carriers inter-
affect between the QWs. The compositions were
determined by X-ray diffraction with separate
InGaAs and InGaAsN SQW calibration samples.
The thickness was from the design according the
growth rate. The growth temperatures for QWs
active region was 460 1C and for the GaAs buffer
and cap layers was 580 1C. The whole structures
were grown without any interruptions. Approxi-
mately 20 nm GaAs near the active region was
grown using a temperature ramp from 580 to
460 1C and the reverse. A post-growth rapid
thermal annealing (RTA) was applied at 700 1C
on these samples. The RTA was operated under
N2 protection ambiance and the samples were
sandwiched by GaAs wafers to prevent the As
evaporation from the sample surface. Room
temperature (RT) PL was measured after different
RTA time.
Fig. 2 shows the RT PL spectra of InGaAsN 3-

QWs sample after 700 1C RTA for different time.
Three PL peaks from the QWs with different width
were separated clearly in the spectra as design.
After 15min of RTA, the PL from the 9 nm QW
was quenched gradually. This is due to the
relaxation of the strain and misfit dislocation was
formed because the thickness of this QW is near
the critical thickness. This dislocation induced
large amount of non-radiative recombination
centers. The 9-nm QW was located in the bottom
and thus did not affect the intensities of the
measured PLs of the upper 5- and 3-nm QWs.
From the spectra, it is obvious that BS(3 nm)4
BS(5 nm)4BS(9 nm) after about a half min of
RTA.
The RTA time dependence of the PL BS from

these three QWs of the InGaAsN sample is shown
in Fig. 3. In comparison, the ‘‘BS–RTA time’’
curve of the InGaAs SQW was added in Fig. 3.
From these ‘‘BS–RTA time’’ curves, we observed
that: (1) There was remarkable BS for InGaAs
QW and the BS keeps un-saturated after 2000 s of
annealing at 700 1C; (2) In the first 30 s, all the
three InGaAsN QWs had almost the same BS of
about 15meV. Meanwhile, the InGaAs QW had
only 2meV; (3) After 30 s of RTA, the BS of 9-nm
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InGaAsN QW saturated soon at 24meV. The BS
of 5- and 3-nm InGaAsN QWs reached up to 45
and 57meV, respectively, after 2000 s of RTA; (4)
after 30 s and before 700 s of RTA, the BS
increasing tendency was DBS(3 nm In-
GaAsN)4DBS(5 nm InGaAsN)4DBS(5 nm In-
GaAs)4DBS(9 nm InGaAsN). (5) After 700 s of
RTA, the increasing tendency DBS of the 5-nm
InGaAs QW and 5-nm InGaAsN QW were similar
and the tendency DBS of the 3-nm InGaAsN QW
was higher.
The growth temperature of all the QWs was

460 1C. This was the optimized temperature for
InGaAsN growth. At such low growth tempera-
ture, point defects such as Ga-vacancies (VGa)
and/or As antisites (AsGa) [15,16] were induced
during the growth of QWs, GaAs barriers and
interfaces between the active region and GaAs
(buffer and cap) layers because the growth did not
pause during the temperature ramped down and
up. There are also large numbers of N-related
point defects in the InGaAsN QWs. This N-related
defects is the nitrogen interstitially incorporation
during the InGaAsN QWs growth [17]. The point
defects diffused to the interfaces of QWs and
enhanced the atoms interdiffusion at the interfaces
(mainly group-III [11,12] for the InGaAsN cases);
i.e., indium atoms diffuse into the GaAs barrier
and gallium atoms diffuse into the QW. As a
consequence, graded QW interfaces are formed.
The BS is due to modifications of the transition
energy caused by a change in alloy composition,
lattice strain, and sub-band energy of the QW. The
large number of the N-related defect in InGaAsN
results in bigger BS increasing tendency (DBS) of
5-nm InGaAsN QW than 5-nm InGaAs QW
before 700 s of RTA. This indicates that the
diffusion rate of N-related point defects is much
bigger that that of the low growth temperature-
related defects (PDLT: VGa and/or AsGa). As our
previous study [11], the diffusion length is around
1-nm. The changes of E1 sub-level (DE1) in the
QWs by 1-nm graded interfaces are: DE1(3 nm) b
DE1(5 nm) b DE1(9 nm) and 1-nm graded inter-
faces introduces DE1(9 nm)o8meV. This can
explain that the BS behavior of InGaAsN 3-
QWs. In the case of InGaAs grown at the
optimum growth temperature (520 1C in our
cases), the BS was only about 6meV at 700 1C
RTA for 700 s [18], which was smaller than at
growth temperature of 460 1C (�10meV). This
indicates that PDLT played an important role in
the BS of the InGaAs QW.
It is reasonable to assume that the interdiffu-

sions in the three InGaAsN QWs are the same
during the annealing. If there is only interdiffu-
sion, the relationship of DE1(3 nm) b DE1(5 nm)
b DE1(9 nm) should start from the very beginning
during the RTA processing. However, in the first
30 s of RTA, the BSs of all three InGaAsN QWs
were almost the same of �15meV. There should
be another factor which induced the BSs and
such kind of BSs should not be affected by the
QW width. Refs. [13] and [14] suggested that
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the re-arrangement of nearest neighborhood of
nitrogen, SRO, caused BS during annealing. In
dilute nitride InGaAsN, Ga and N are smaller
atoms than In and As, respectively, the bond
configuration ‘‘Ga–As+In–N’’ should be better
lattice-matched (less strain) than the bond config-
uration ‘‘Ga–N+In–As’’. On the other hand, the
cohesive energies of the respective binary zinc
blende solids follow the sequence [19] GaN, InN,
GaAs, InAs (being, respectively, 2.24, 1.93, 1.63,
and 1.55 eV per bond), so the (highly strained)
‘‘Ga–N+In–As’’ configuration is preferred in
terms of bond energy during the growth because
the growth temperature is low (460 1C). During
annealing, the bond configuration ‘‘Ga–N+
In–As’’ changes to ‘‘Ga–As+In–N’’ to relax the
strong local strain. Therefore, there should be five
N-related strongly localized states: N-InmGa4�m,
m ¼ 0; 1, 2, 3, and 4 [13]. The difference between
neighboring states is approximately the same (a bit
smaller than 10meV in our case). During a process
of fast growth of the quaternary layer the N-
In0Ga4 and N-In1Ga3 configuration, with strongly
strained Ga–N bonds, is most frequently obtained
[14]. The annealing procedure allows a SRO and
the system tends to one with minimal energy,
namely the most favorable atom configuration: N-
In2Ga2 and N-In3Ga1 [13]. From the as-grown
state N-In0Ga4 and N-In1Ga3 to annealing state
N-In2Ga2 and N-In3Ga1, the BS is a bit smaller
than 20meV. If these N-InmGa4�m states construct
the band edge in QWs, BSs caused by SRO should
be: DE1(3 nm)4DE1(5 nm)4DE1(9 nm). Then the
total BSs ( ¼ BS(diffusion)+BS(SRO)) should be
the same relationship all the time. But the BSs in
the 3 InGaAsN QWs with different QW width
were the same (�15meV) at the first 30 s. There-
fore, these N-InmGa4�m strong localized states
construct the ground state E1 and do not affect
the conduction band edge in InGaAsN QW. The
atom diffusion length for the interdiffusion at
interfaces is much longer than the local atomic re-
arrange for SRO. The BS caused by SRO is
much faster than by interdiffusion. So, in the first
30 s, the BSs of the all three InGaAsN QWs
with different width are almost the same, and the
InGaAsN BS (�15meV) is much bigger than the
InGaAs BS (�2meV). After 30 s and before 700 s
of RTA, the BS increasing tendency was DBS(3 nm
InGaAsN)4DBS(5 nm InGaAsN)4DBS(5 nm In-
GaAs)4DBS(9 nm InGaAsN). This BS increasing
is mainly caused by the interdiffusion due to both
N-related point defects (PDN) and PDLT. After
700 s of RTA, the increasing tendency DBS of the
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5-nm InGaAs QW (only caused by the interdiffu-
sion due to PDLT) and 5-nm InGaAsN QW were
similar. This implies the relationship between the
mainly two interdiffusion factors of BS is that
PDN is much faster than PDLT. The BS (�24meV)
in 9-nm InGaAsN QW is mainly caused by SRO (a
bit smaller than 20meV) and the effect of
interdiffusion (�1 nm) is much smaller (o 8meV).
3. Conclusion

The PL BS during post growth annealing for
InGaAsN/GaAs QWs is caused by both SRO and
interdiffusion at interfaces. SRO is much faster
than interdiffusion. There are two main factors
induced BS for interdiffusion: N-related point
defects (PDN) and low growth temperature-related
defects (PDLT: Ga-vacancies and/or As antisites).
BS(PDN) is much faster than BS(PDLT). There-
fore, the relationship of BS rate is: BS(SRO) b

BS(PDN) b BS(PDLT). There is also BS in
InGaAs QWs which is BS(PDLT) if the growth
temperature is low.
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We have studied the effects of annealing of InGaNAs/GaAs heterostructures on diffusion at the
interfaces and the resultant changes in optical and structural properties. Interdiffusion between In
and Ga was found to be very significant. Inserting a thin compressively strained layer of
InxdGa12xdNydAs12yd on either side of an InxqGa12xqNyqAs12yq quantum well~QW! suppressed
this interdiffusion significantly. As a consequence, a blue shift of the photoluminescence signal after
annealing remained small and the optical activity was largely improved. It was also found that a
small amount of N incorporated in InGaAs QWs embedded in GaAs increased the In/Ga
interdiffusion and that increased mechanical stresses enhanced the interdiffusion. ©2002
American Institute of Physics.@DOI: 10.1063/1.1488687#
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The electronic structure can maintain strong carr
confinement1,2 even at high temperatures, which mak
pseudomorphic InxGa12xNyAs12y a promising semiconduc
tor for cost-effective GaAs-based telecommunication ap
cations in the 1.3 –1.55mm spectral region.3–5 However, the
incorporation of nitrogen in InGaAs/GaAs results in a low
photoluminescence~PL! intensity and a broadening of th
linewidth as a result of increased nonradiative centers~N-
related defects!. In order to remove such defects, postgrow
annealing has to be employed. After annealing, the PL in
sity can be increased by up to 100 times6 with a concomitant
large blueshift~BS! up to 280 nm.7 The BS has been attrib
uted to atomic diffusion effects at the interfaces of InGaNA
GaAs, which result in graded InGaNAs/GaAs interface.

The present investigation proposes a method to supp
In/Ga interdiffusion. We have observed that inserting a t
~2–3 nm! InxdGa12xdNydAs12yd diffusion suppressing laye
~DSL! between the InxqGa12xqNyqAs12yq quantum well
~QW!and a GaNysAs12ys strain compensating layer~SCL!
embedded in GaAs withxq.xd and ys.yq.yd prevents
In/Ga interdiffusion.

We grew InGaNAs/Ga~N!As heterostructures on GaA
~100! substrates by solid-source molecular-beam epit
with VG Semicon’s V80. The optically active region
consisted of ~i! GaAs/InGaAs/GaAs layers, ~ii !
GaAs/InxqGa12xqNyqAs12yq /GaAs layers, ~iii !
GaAs/SCL/InxqGa12xqNyqAs12yq /SCL/GaAs layers, and
~iv! GaAs/SCL/DSL/InxqGa12xqNyqAs12yq /DSL/SCL/
GaAs layers. The complete final sample was made of a
nm GaAs buffer layer deposited onto a GaAs~100! substrate,
followed by a 300 nm Al0.3Ga0.7As layer, the active region
~i!–~iv!, a 100 nm Al0.3Ga0.7As layer, and a 10 nm GaAs cap
The AlGaAs~growth rate;1.26mm/h) layers were grown
at 600 °C, the GaAs layers (;0.24mm/h) at 580 °C, and the

a!Author to whom correspondence should be addressed; electronic
Changsi.peng@orc.tut.fi

b!Present address: Department of Solid State Physics, Chernivtsi Nat
University, Ukraine.

c!Present Address: G. V. Kurdyumov Institite for Metal Physics, Natio
Academy of Sciences of Ukraine, Ukraine.
4720003-6951/2002/80(25)/4720/3/$19.00
Downloaded 24 Jun 2002 to 130.230.82.22. Redistribution subject to A
r

i-

r

n-

/

ss
n

y

0

InxqGa12xqNyqAs12yq (;1.0mm/h) layers, SCLs
(;0.88mm/h), and DSLs (;1.24mm/h) at 480 °C. All
samples were under two-dimensional growth, which w
monitored byin situ reflected high-energy electron diffrac
tion. Table I gives details of the layers of active region
Biaxial lattice strain (« ii ) calculated from the misfit facto
«xx5«yy5Da/a with a denoting the lattice parameter o
GaAs andDa representing deviations of ternary alloy layer
The samples were characterized using a double-crystal x
diffraction technique. PL was measured at room temperat
The samples were either rapid-thermal-annealed~RTA! in a
separate chamber under a N2 atmosphere at 700 °C~thermal
couple! for 30 s or in situ annealed~ISA! in the growth
chamber at 655 °C~pyrometer! for 1 h under a ;4
31027 mbar As2 background pressure.

For the sake of brevity, the RTA-treated samples are
beled IGA–RTA ~with a InxGa12xAs QW!, IGNA–RTA
~with a InxqGa12xqNyqAs12yq QW!, SCL–RTA ~with
SCL/InxqGa12xqNyqAs12yq /SCL!, and SCL–DSL–RTA
~with SCL/DSL/InxqGa12xqNyqAs12yq /DSL/SCL!. The
ISA-treated samples are labeled SCL–ISA and SCL–DS
ISA. The as-grown samples are labeled IGA-as, IGNA-
SCL-as, and SCL-DSL-as, respectively

We assumed the diffusion was isotropic. The compo
tion profile is characterized by an interface roughness par
eterd5ADt, whereD is the diffusion coefficient andt is the
annealing time. For a InxqGa12xqNyqAs12yq /GaAs QW with
an indium mole fraction ofx0 for the as-grown sample, th
composition profile after annealing is given by an err
function8

x~z!5
x0

2 FerfS W12z

4d D1erfS W22z

4d D G , ~1!

whereW is the as-grown well width andz denotes the length
in the crystal growth direction~i.e., the direction of diffu-
sion!. The QW center is located atz50.

To simulate the rocking curves, the samples structu
were divided into 0.1 nm slices@inset of Fig. 1~b!.# Within
each slice, all element compositions were kept constant.

il:

al

l

0 © 2002 American Institute of Physics
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compositions were varied from slice to slice according to E
~1!. We found that the simulated rocking curves were sen
tive to the choice ofd, and even changes of 0.01 nm can
observed in the curves.

TABLE I. Layer parameters of the active regions of the InGa~N!As/
Ga~N!As samples studied in this work. The compositions and layer th
nesses are theoretically simulated@Eq. ~1!# as best fits to experimental x-ra
diffraction rocking curves. The biaxial lattice strain values refer to the
strained GaAs substrate. The thicknesses and compositions are ass
atomically sharp interfaces for really as-grown samples.

Sample
name Layers

Thickness
~nm!

Strain
~%!

IGA GaAs 167.0 0

xq536% ~QW! 5.5 12.58

IGNA GaAs 152.5 0

xq535%, yq51% ~QW! 5.5 12.30

SCL
~for RTA!

GaAs 166.0 0

ys51.1% ~SCL! 22.8 20.22
xq537%, yq51.1% ~QW! 6.4 12.42

SCL
~for ISA!

GaAs 145.5 0

ys52% ~SCL! 23.4 20.40
xq542%, yq52% ~QW! 5.8 12.60

SCL–DSL
~for RTA!

GaAs 210.0 0

ys51.4% ~SCL! 13.0 20.28
xd532%, yd50.9% ~DSL! 3.1 12.11
xq534%, yq50.94% ~QW! 7.8 12.24

SCL–DSL
~for ISA!

GaAs 147.8 0

ys51.8% ~SCL! 24.1 20.20
xd530%, yd51.5% ~DSL! 2.2 11.84
xq533%, yq51.7% ~QW! 6.2 12.02
Downloaded 24 Jun 2002 to 130.230.82.22. Redistribution subject to A
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Figure 1 shows both the experimental and the simula
x-ray diffraction rocking curves for the two samples, SCL
DSL–ISA and SCL–ISA. The right-hand sides of the ma
peak (Q50°) of the rocking curves are similar and a
mainly due to the diffraction from the SCLs for these tw
cases. The left-hand sides are quite different. Sample SC
DSL–ISA reveals diffraction from the DSLs and the QW, th
latter being very pronounced and well defined. For the SC
ISA, it reveals the diffraction from the QW region and
poorly resolved. The insets of Fig. 1 show the actual sha
of the QWs before and after annealing. The QW of the SC
ISA has changed drastically from the assumed abrupt
grown interfaces to graded ones after ISA, while the QW
SCL–DSL–ISA remains almost intact. This difference
diffusion profiles has remarkable effects on the PL prop
ties.

Photoluminescence was measured before and after
nealing~Fig. 2!. First, one may see that the PL intensity
always increased upon annealing. However, the increas
the PL intensity is smaller than one might anticipate,6 but it
is reasonable because the upper AlGaAs layers were gr
at high temperature, 600 °C for about 4 min, which cou
have partly removed non-radiative defects and, hence,
proved PL.9 The ‘‘as-grown’’ samples are not exactly ide
abrupt interfaces from simulation of x-ray diffractions.

Second, placing a SCL between the InGaNAs QW a
the GaAs layer~sample SCL! redshifted the PL peak a
much as 90 nm relative to the IGNA that had no SCL. Th
effect can be assigned to a wider effective QW for the SC

Third, the PL of SCL–DSL–ISA is redshifted byDl
'18 nm with respect to the SCL–ISA. This shift will b
primarily due to a broadening of the effective QW regio
because of adding the DSL.10

Figure 3 summarizes the postannealed PL and inter

-

-
med
ples. The
nt
FIG. 1. Measured~upper! and simulated@lower, using the error function composition profile of Eq.~1!# x-ray rocking curves for samples SCL–DSL–ISA~a!
and SCL–ISA~b!. The dashed lines in the insets are indium profiles characterized by assumed atomically sharp interfaces for really as-grown sam
solid lines in the insets are the error function profiles of indium upon postgrowth annealing according to the best fits of the simulations to experimeal data.
The inset in~b! shows a typical division of the sample into 0.1-nm-thick slices used for the simulation.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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fusion observations. The interface roughness parame
were the largest and the PL intensities were very low for b
SCL–RTA and SCL–ISA. These features were drastica
improved by adding the DSLs. We can also see thatd was
independent of the way the annealing was realized~RTA or
ISA!. The observed blue shift was more pronounced for
SCL–RTA, BS'35 nm, than for the IGNA–RTA,BS
'20 nm. This difference in the BS was consistent with t
prediction of the strain difference between the two sides
an interface enhanced diffusion for N-containing sample8

The strain between the tensile strained SCL and

FIG. 2. Room-temperature photoluminescence from as-grown and ann
samples.Dl indicates a wavelength difference for SCL–ISA and SCL
DSL–ISA.

FIG. 3. Summary of~a! the PL intensities, the PL blueshifts, and~b! the
interface roughness parameters of the samples studied after postgrowt
treatment. Empty squares stand for the PL peak intensities and empty c
the PL blueshifts after RTA. Solid and empty triangles denote the In in
face roughness parameters after RTA and ISA, respectively. Solid squ
denote the N interface roughness parameters for the SCL/GaAs inter
after annealing.
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compressive-strained QW in SCL was higher@2.64%,
d In(RTA)'1.00 nm# than the strain between the GaAs a
the QW interface@2.30%,d In(RTA)'0.73 nm# of the IGNA.
Placing a DSL on either side of the QW~sample SCL–DSL!
changed the situation radically. Diffusion was almost co
pletely suppressed and, hence, the interfacial roughness
decreased significantly. The PL peak intensity was increa
because of less interfacial scattering of carriers due to
interfacial roughness. The BS was reduced to 6 nm. Th
fore, the strain difference between the two sides of interf
played a key role for group-III interdiffusion during annea
ing: larger difference, larger interface roughness. Howev
the strain differences between the DSL and the SCL
samples SCL–DSL were still very high, but the interdiff
sion in SCL–DSL was very small too. We think that th
small strain difference between DSL and QW suppressed
interdiffusion not only between the DSL and the QW but a
between the DSL and the SCL because the DSLs were
thin ~2–3 nm!.

Furthermore, strain between the two sides of the in
faces of sample IGA was even higher~2.58%! than IGNA
~2.30%! but d In nm was much smaller for both as-grow
and after the same annealing,d In(IGA-as)'0.04 nm,
d In(IGA-RTA)'0.20 nm, d In(IGNA-as)'0.40 nm, and
d In(IGNA-RTA)'0.73 nm. This implies that a small amou
of nitrogen incorporation could increase the In/Ga interdif
sion. We also found that the N/As interdiffusion (dN

'0.20– 0.25 nm) was much smaller than that of In/Ga (d In

'0.73– 1.02 nm) in the samples IGNA and SCL after a
nealing. Apparently, our annealing temperature was not h
enough to induce any significant N/As interdiffusion.9

To recapitulate, structural and optical changes obser
in x-ray diffraction and PL spectra of postgrowth annea
InxGa12xNyAs12y /GaAs material systems can be interpret
as due to the interfacial diffusion of the group-III atom
Interdiffusion of group V was negligible in the temperatu
range studied in this work. A diffusion barrie
InxdGa12xdNydAs12yd , grown on either side of the
InxqGa12xqNyqAs12yq quantum well reduced interdiffusion
very effectively.

This work was supported, in part, by the Technolo
Research Center of Finland~Project COST 268 B No. 40562
99! and the Academy of Finland~Project EMMA No.
67395!.
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Structural and optical properties of near-surface GaInNAs ÕGaAs quantum
wells at emission wavelength of 1.3 mm

H. F. Liu,a) C. S. Peng, E.-M. Pavelescu, S. Karirinne, T. Jouhti, M. Valden,b)

and M. Pessa
Optoelectronics Research Center, Tempere University of Technology, P.O. Box 692, 33101 Tampere, Finland

~Received 28 October 2002; accepted 25 February 2003!

X-ray diffraction, x-ray-induced photoelectron emission, and low-temperature photoluminescence
have been used to investigate structural and optical properties of near-surface
Ga12xInxNyAs12y /GaAs double quantum wells. The evolution of x-ray diffraction fringes, due to
post-growth annealing, provides evidence for In/Ga interdiffusion at elevated temperatures.
Photoelectron spectra indicate that indium tends to re-evaporate from the surface.
Photoluminescence exhibits a strong feature, as part of the GaInNAs/GaAs material system. This
feature is assigned to a hybridized state that is created by an interaction between surface states and
quantum-confined states of the near-surface quantum well. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1567453#
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Dilute nitride alloys, Ga12xInxNyAs12y , are promising
materials for GaAs-based semiconductor lasers operatin
optical fiber telecommunications wavelengths around
mm.1–3 Unfortunately, GaInNAs is metastable and quite d
ficult to prepare by any epitaxial growth technique.4,5 It also
exhibits unusual optical and electronic band-structure pr
erties, such as very large band-bending, several diffe
band gaps at a fixed composition, a large blueshift and in
sity enhancement of photoluminescence upon post-gro
annealing, and remarkable variations in local lattice str
and short-range-order clustering, all related to the prese
of 1%–2% nitrogen in the lattice.3

We have studied Ga12xInxNyAs12y /GaAs double quan-
tum wells~QWs!, which are placed near the sample surfa
For these studies we have used x-ray diffraction~XRD!,
x-ray-induced photoelectron spectroscopy~XPS!, and low-
temperature photoluminescence~PL!. The results obtained
provide evidence for remarkable mobility of indium atoms
the near-surface QWs at elevated temperatures. They
reveal an interesting PL feature that can be assigned to e
sion from a hybridized state formed by an interaction b
tween surface states and the quantum-confined energy le
in the top near-surface QW.

The samples, hereafter referred to asA and B, were
grown on GaAs~001! substrates by means of molecula
beam epitaxy ~MBE!. Sample A had two
Ga0.62In0.38N0.015As0.985 QWs, each 7 nm in thickness, sep
rated by a 20-nm-thick GaAs barrier. The top QW w
capped with a 2-nm GaAs layer. SampleB also had two
QWs (Ga0.65In0.35N0.015As0.985, thickness'10 nm), but did
not contain any cap layer~Fig. 1!. The growth temperature o
the QWs was 440 °C, which was found to be clearly optim
in other experiments on MBE-grown GaInNAs. The samp
werein-situ annealed in the MBE reactor in an arsenic atm
sphere for 10 min at 580 °C~A! and 680 °C~B!.

Cu Ka1
~004! XRD rocking curves in theu/2u geometry

a!Author to whom correspondence should be addressed; electronic ma
dress: hongfei.liu@orc.tut.fi

b!Surface Sciences Laboratory, Institute of Physics, Tampere Universit
Technology, P.O. Box 692, 33101 Tampere, Finland.
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were measured using a double-crystal x-ray diffractome
The Mg Ka1,2

XPS In3d,4d and Ga3d core-level spectra were

recorded with an electron spectrometer. For XPS,
samples were transferred from the MBE system into
spectrometer in a container filled with dry nitrogen to avo
surface contamination by atmospheric carbon and oxyg

d-

of
FIG. 1. XRD rocking curves~solid lines! and dynamic theory calculations
~dashed lines! for as-grown and in situ annealed near-surface
Ga12xInxNyAs12y /GaAs double QWs.~a! SampleA. ~b! SampleB.
8 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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The PL spectra were measured at 9 K using a grating mono-
chromator, equipped with a lock-in amplifier, a 442-nm li
He-Cd laser, and a closed-cycle He cryostat.

The XRD rocking curves taken before and afterin-situ
annealing are shown in Fig. 1, together with dynamic the
simulation calculations. Both sets of experimental data sh
observable changes in XRD fringes on the compress
strain side (u,0°) of the main diffraction peak. When ca
culating we assumed that the QWs had abrupt interfaces
fore annealing and error-function profiles after annealin6

due to out-diffusion of indium; no nitrogen-diffusion wa
considered. For annealed sampleA we obtained the best fit a
diffusion lengthd5ADt'0.7 nm@Fig. 1~a!#; D is the diffu-
sion coefficient andt is the annealing time. For anneale
sampleB, which reveals dramatic changes in XRD fring
@Fig. 1~b!#, we assume that the top QW was desorbed
tirely and the bottom QW hadd'1.0 nm. The resulting ex
perimental and theoretical curves for annealed samplB
closely resemble those obtained for a similarly annea
compressively strained GaInNAs single-QW placed in
bulk of a GaAs sample.7 In other words, the proximity of the
surface in sampleB has no discernable influence on XR
from the bottom QW.

Figure 2 shows XPS spectra. Since XPS probes a sur
composition, not much deeper than 10 nm because of st
inelastic low-energy photoelectron scattering, it cannot
tect a signal from the bottom QW. While sampleA has an
indium-lean surface upon annealing, due to partial o
diffusion and subsequent desorption of indium from the
QW, annealed sampleB exhibits no trace of indium at all
The absence of indium in this surface indicates that the up
QW has disappeared, consistent with the XRD studies.

Both the XRD and XPS data provide evidence that

FIG. 2. XPS In3d,4d and Ga3d core levels of near-surface~topmost!
Ga12xInxNyAs12y /GaAs QWs.~a! SampleA. ~b! SampleB.
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dium is quite mobile in the GaInNAs lattice near the GaI
NAs ~/GaAs!/air interface and is readily desorbed in pos
growth thermal treatment.

The most interesting observation was made in the
spectra. The PL shows a single broad feature, denoted asPs ,
a hitherto unknown structure, which appears at a fixed
ergy of 0.917 eV for both samplesA andB ~Fig. 3!. To avoid
the ambiguity that arises from the fact that SamplesA andB
were annealed at different temperatures~580 and 680 °C!, we
annealed both samplesA andB at 700 °C for 5 min in nitro-
gen atmosphere using a rapid thermal annealing~RTA! tech-
nique. The PL spectra are shown in the insets of Fig. 3~a! and
3~b!. The stable structurePs is clearly observable for sampl
A upon 700 °C RTA~but this is missing for sampleB!. The
physical origin ofPs is discussed in the next section. Afterin
situ annealing, quantum-confined electron-to-heavy-h
transitions e1– hh1 are seen at 0.975 and 0.996 eV f
samplesA and B, respectively, and they originate from th
bottom QW. The mechanism by which their observation
allowed upon annealing is a removal of a number of non
diative centers~N interstitials, Ga vacancies, N–N com
plexes!, created during MBE growth, thus enhancing PL i
tensity very remarkably. The broader e1– hh1 width for
sampleA indicates that annealing at 580 °C has not remov
defects as effectively as it did for sampleB at 100 °C higher
temperature. The e1– hh1 peak of sampleB is blueshifted by

FIG. 3. 9-K PL from as-grown and annealed Ga12xInxNyAs12y /GaAs
QWs. ~a! SampleA. ~b! SampleB. Panel~c! displays PL from annealed
sampleA at different excitation power levels. The insets in~a! and~b! show
9-K PL from SamplesA andB upon additional heat treatment at 700 °C fo
5 min.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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21 meV relative to sampleA. It is known that heating GaIn
NAs causes a blueshift via atomic diffusion and/or chan
in nearest-neighbors of N in short-range-order N–InmGa42m

(0<m<4) clusters that are found by Raman scattering a
Fourier transform IR analyses~see, e.g., Ref. 3 and refe
ences therein!.

We believe thatPs reflects an occurrence of a surfac
induced phenomenon of a bulk-like heterostructure. It
likely of the same origin as that observed by Sobiesier
et al. in their different experiments on another semicond
tor system.8 The influence, which the proximity of the su
face bears on the radiative recombination occurring wit
the top QW, is thought to give rise to a hybridized sta
Although it remains unclear at the moment how such a p
turbation which the surface states provide for the quan
confined energy states can possibly be large enough to p
late the QW levels without totally altering the energy
quantized subbands, the following facts strongly refer to
unusual surface-state-induced origin ofPs . The first fact is
that Ps has the same energy for both samples.Ps should
experience a blueshift after annealing if it originated fro
unperturbed quantum confined states. Second,Ps disappears
for annealed sampleB, as the top QW is desorbed, but r
mains observable at the fixed energy of 0.917 eV for sam
A, which is protected by a GaAs cap layer. Third,Ps is
broader for sampleB. This supports the suggestion thatPs is
related to the top QW, which has a stronger interaction w
the surface in the case of sampleB, having no cap layer.

We have further elaboratedPs by varying the excitation

FIG. 4. 9-K PL from as-grown and surface-passivated samples for a
gested hybridized statePs , in near-surface Ga12xInxNyAs12y /GaAs QWs.
~a! SampleA. ~b! SampleB. Passivation is much more effective forPs of
sampleB.
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power of PL and depositing dielectric layers onto t
samples. Experiments on annealed sampleA show thatPs

depends on excitation power@Fig. 3~c!#. Its intensity in-
creases relative to that of e1– hh1 , as excitation power is
increased. Simultaneously, a long low-energy tail is evolv
a usual feature seen in low-temperature PL when locali
states exist near the conduction band minimum, due to c
positional fluctuations, and begin to be filled with carrie
We think that these observations eliminate the possibility t
Ps would originate from effect of potential energy fluctu
tions on the e1– hh1 transitions. Nor can it be readily as
signed to deep-level recombination or indirect transitions
tween the QW and GaAs barriers~note thatPs is absent for
QWs in the bulk with similar GaAs barriers!.

Depositing a passivation dielectric layer SixNy /SiO2 on
top of the as-grown~not annealed! samplesA andB affects
Ps . Figure 4 compares the shapes ofPs measured before an
after passivation. Employing a conventional method of
ting an exponential functionI (E)}exp(E/E0) to the low-
energy tail of a PL peak, whereI (E) is the strength of emis-
sion at photon energy parameterE, one obtains an estimat
for the characteristic energyE0 of localized states near th
conduction-band minimum. We can see that passivation
ducesE0 and does so more for sampleB than sampleA. The
same passivation was also made for the 700 °C RTA sam
~diagrams not shown for brevity!. StructurePs became very
weak for sampleA, while e1– hh1 remained unaffected fo
both samples. This finding suggests to us that the interac
between the QW and surface states increases, as the dis
of the QW from the surface decreases.

In summary, In/Ga interdiffusion and In re-evaporatio
take place at elevated temperatures for near-sur
GaInNAs/GaAs quantum wells. The as-grown samples
hibit a fascinating PL feature. This feature (Ps) is assigned
to hybridized states that are thought to originate from
interaction between surface states and quantum-confi
states of the upper QW. Local potential-energy fluctuation
the conduction-band minimum create a low-energy tail
transitions from the hybridized states. Depositing a pass
tion layer onto the samples reduces surface effects on
upper QW. No perturbation of quantum confined states
the surface is seen at the depth of about 30 nm.

The authors wish to thank Dr. N. Xiang for many usef
discussions. This work was supported, in part, by the N
tional Technology Agency TEKES within the framework o
TORCH Project #40102/02.
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Thermal Annealing Effect on InGaAsN/GaAs lasers 
 

C. S. Peng,# J. Konttinen, S. Karirinne, T. Jouhti, H. F. Liu, and M. Pessa 
Optoelectronics Research Centre, Tampere University of Technology, P.O. Box 692, FIN-33101 

Tampere, Finland
 
 

ABSTRACT 
 
Before processing the InGaAsN/GaAs edge emitting lasers, post-growth rapid thermal annealing (RTA) was applied on 
the wafer. Different RTA results in different threshold current density (Jth). RTA at 720 oC reduces the Jth significantly 
but keeps the linear fit slope of Jth vs 1/L (L is the cavity length). It indicates that RTA at 720 oC can decrease the 
absorption losses. High temperature RTA at 890 oC can dramatically decrease the linear fit slope, which indicates that 
the carrier conductivity is improved dramatically even the RTA time is only one second. 
 
Keywords: dilute nitride, annealing, semiconductor laser, threshold, absorption, conductivity, molecular beam epitaxy 
 

1. INTRODUCTION 
 
InP-based heterostructures dominate today’s 1.3~1.55 µm lasers. However, there are some disadvantages with InP-
based materials: (a) InGaAsP / InP structures have low power capacity and poor heat conductivity. Low output power 
and a low characteristic temperature coefficient (T0) are primarily due to the small carrier confinement. (b) For vertical 
cavity surface-emitting lasers (VCSELs), very thick distributed Bragg reflector (DBR) are required because the 
refractive index difference (∆n) is small for the InGaAsP / InP systems. Such thick DBRs lower the conductivity of the 
lasers and increase the cost. The dilute nitrides, InGaAsN, based on GaAs technology solve these problems very well. 
 
The electronic structure of InGaAsN is markedly different from that of conventional alloys. The large difference in 
electronegativity and in atom size between nitrogen and arsenic leads to a reduction of the energy bandgap with 
increasing mole fraction of N, roughly 150 meV per percent N, and lowers net lattice strain in InGaAsN on GaAs.[1] 
The novel electronic structure can maintain strong carrier confinement [2] even at high temperature. In recent years, 1.3 
µm InGaAsN/GaAs laser diodes have been demonstrated for conventional quantum-well (QW) structures grown by 
molecular beam epitaxy (MBE) [3, 4, 5] and metal-organic chemical vapor deposition (MOCVD) [6, 7]. 
 
However, the incorporation of nitrogen in InGaAs / GaAs results in high density of non-radiative centers (N-related 
defects). In order to remove these defects and increase the efficiency of radiative recombination, a post-growth 
annealing is necessary. By annealing, the photoluminescence (PL) intensity is increased by up to 100 times [8] with a 
concomitant large blue shift of up to 280 nm.[9] The blue shift has been attributed to the inter-diffusion [10] and other 
effects [11]. On the other hand, to protect the quality of the active layers, the growth temperature of AlGaAs cladding 
layers (for edge emitters) or Al(Ga)As/GaAs DBRs can not be as high as normal Al(Ga)As growth. Then the dopant and 
Al-related defect density is very high. In order to remove the defects of the Al(Ga)As layers, a higher temperature heat 
process should be applied. Meanwhile, the high temperature heat treatment can also activate the dopant and improve the 
conductivity of Al(Ga)As layers. 
 
Here, we are reporting the above annealing effects on the performance of InGaAsN/GaAs edge emitter lasers. 
 

2. MATERIAL GROWTH AND DEVICE PROCESS 
 
The laser structures were grown on n-type GaAs (001) substrates by using solid source MBE. A radio-frequency plasma 
source was used to generate reactive nitrogen atoms from purified N2 gas. Growth (substrate) temperature was 650 oC 
for the cladding layers, 590 oC for the waveguide and ohm contact GaAs layers, and 460 oC for the GaInNAs QW layer. 
                                                           
# Changsi.Peng@orc.tut.fi; phone +358 3 3115 2552; fax +358 3 3115 3400; www.orc.tut.fi  
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The lasers consisted of a 1.5-µm n-doped Al0.6Ga0.4As cladding layer, a 6-nm In0.36Ga0.64As0.99N0.01 QW embedded in an 
undoped GaAs waveguide, a 1.5-µm p-Al0.6Ga0.4As cladding, and a p+ GaAs contact layer. 
 
4 laser processes were performed for as-grown and 3 post growth rapid thermal annealing (RTA) cases: 720 oC for 5 
min, 720 oC for 40 min, and 890 oC for 1 sec. A 40-µm-wide stripe was defined by the standard UV-photolithography. 
After p-contact (Ti-Pt-Au) metallization the wafer was thinned, and then n-contact metals was deposited (Ni-Ge-Au) on 
the rear side and a 430 oC alloy RTA was applied. The wafer was cleaved to chips of 0.6, 1.0, and 1.6 mm in length. The 
mirror facets were as-cleaved (R ≈ 32 %). The lasers were mounted p-side up on gold-plated copper blocks. 
 
Photoluminescence (PL) measurement was carried out in Accent’s RPM2000 PL mapper using 532 nm laser with 40 
mW. 
 

3. RESULTS AND DISCUSSION 
 
Optical properties of the layer structures were studied by measuring room-temperature PL. Fig.1 shows the PL 
measured after post-growth RTA and before device processing. All the PL intensities are low. This is due to the strong 
absorption in the heavily Be doped layers grown on the active layers. Compared with the as-grown case, after 720 oC 
RTA for 5 min, the PL peak intensity was similar, there was about 14 meV of blue shift, and the peak width was 
narrower. This indicates that 5 min of 720 oC RTA improves the active layer. The PL almost quenched after 40 min 720 
oC or 1 sec 890 oC RTA. Long time or high temperature RTA can increase the spontaneous absorption at this 
wavelength. 

Fig.1 Photoluminescence of the laser structure after different post-growth annealing: as-grown, RTA 720 oC 5 min, RTA 720 oC
40 min, RTA 890 oC 1 sec. 
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After the Be doped AlGaAs cladding layer and GaAs contact layer were etched off, PL measurement shows about 400 
times improvement (insert of Fig.2). For RTA at 720 oC, the PL intensity increased about 3.5 times in 5 minutes and 
then saturated with time. For RTA at 890 oC, the PL intensity increased about 4 times in 1 second and then decreased 
with time. In both case, PL the blue shift increased with time. This blue shift was due to the In/Ga inter-diffusion [10] at 
the interfaces of InGaAsN / GaAs and other factors [11] Compared the PL with Be doped layers not removing, it is clear 
that (1) there is a very strong absorption in the Be doped layers; (2) long time RTA at 720 oC increases the absorption of 
the Be-doped AlGaAs and GaAs layers; (3) RTA at 720 oC improves the crystal quality and decrease the absorption of 

the active layers; (4) long time RTA at high temperature 890 oC decreases the crystal quality of InGaAsN / GaAs active 
layers. 
 
From the laser processing with as grown, RTA 720 oC 5 min, 40 min and RTA 890 oC 1 sec, the annealing can improve 
the laser performance. Fig.3 shows the relationship between the laser threshold current density (Jth) and the cavity length 
(L) for all the RTA cases. The annealing decreases the laser threshold current density dramatically. The linear fit slope 
of Jth vs 1/L for as-grown was similar to the ones for 720 oC RTA cases. But the slope for 890 oC RTA was decreased 
very much. 
 

Fig.2 RTA time dependence of Photoluminescence after Be-doped etched. Inset shows the PL spectra of the as grown case with
and without Be-doped layers. 
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The following expression gives the relationship between the threshold, gain, absorption losses, and cavity length of the 

EELs [12]: 















+

Γ
=

21

1ln
2
11

RRL
Jth α

β
, where 

0

0

J
G=β  is the maximum gain injection ratio, Γ is the 

confinement factor, α is the absorption losses, L is the cavity length, and R1, R2 are the reflections of facets, here, 
R1=R2≈32%. The confinement factor Γ is decided by the band structure, the difference of the diffractive indices (∆n) 
and the profile of the processed laser device. ∆n and device profiles are the same for all the cases. The annealing only 
affects the band structure slightly [10]. Therefore, we can assume that the effect of annealing on the confinement factor 
can be ignored. Compared to the as-grown case, RTA at 720 oC significantly decreases α, but it does not affect β much. 
RTA at 890 oC can dramatically improve β and decrease α slightly (Fig.4). The decrease of α for RTA at 720 shows 
saturation vs time. As we know, annealing at around 700 oC can improve the crystal quality of InGaAsN/GaAs QWs 
[10]. The saturation of α vs RTA time indicates that this kind of improvement mostly occurs at the beginning of 
annealing. The relationship between α and 720 oC RTA time is similar to the relationship between PL intensity and 
RTA time. This implies that the absorption in the InGaAsN active layer dominate the absorption losses in the lasers. 
There are two reasons: (1) more than 80% of the lasing gain is distributed in the active region and the absorption losses 
outside the active region don’t play an important role; (2) the defect-induced absorption in AlGaAs and GaAs layers 
mainly affect the photons whose wavelength are shorter than the emitting wavelength in this study. Therefore, 400 times 
weaker PL with Be-doped layers than without Be-doped layers is mainly due to the strong absorption of the 532 nm PL 
excitation source. RTA at 890 oC only decreases the absorption losses slightly, which indicates that the annealing at high 
temperature 890 oC not only remove N-related defects but also induce some other kinds of defects because the 
temperature is very high. However, this 1 sec is long enough to activate the dopants (especially p-type) and improve the 
carrier conductivity dramatically. Therefore, high temperature annealing increases the gain injection ratio significantly. 

 

Fig.3 Threshold current density vs cavity length for pulsed pumping. 

0,0 0,5 1,0 1,5

200

400

600

800

1000

1200

1400

2 1

Th
re

sh
ol

d 
cu

rre
nt

 d
en

si
ty

 (A
/c

m
2 )

1/cavity length (mm-1)

Pulsed
pattern width=40 µm

 as grown
 RTA 720 0C   5 min
 RTA 720 0C 40 min
 RTA 890 0C   1 sec

 Cavity Length (mm)

Proc. of SPIE Vol. 5365     43



 
4. CONCLUSION 

 
Comparing with PL investigation and laser performance, we conclude that (1) absorption in the InGaAsN / GaAs active 
layers dominates the laser gain absorption losses; (2) RTA at 720 oC mainly removes the defects in the InGaAsN / GaAs 
active layers and decreases the laser absorption losses significantly; (3) RTA at 890 oC mainly activates the dopants 
(especially p-type Be-dopant) in the AlGaAs cladding and GaAs layers and improves dramatically the conductivity; (4) 
RTA at 890 oC not only removes N-related defects but also induce some other kinds of defects. 
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High-performance singlemode
InGaNAs=GaAs laser

C.S. Peng, N. Laine, J. Konttinen, S. Karirinne,
T. Jouhti and M. Pessa

Performance characteristics of an InGaNAs=GaAs ridge-waveguide

in-plane laser diode, which is grown by molecular beam epitaxy, are

reported. The laser emits at a wavelength of 1.262 mm in a single

lateral mode, launching an output up to 240 mW at 20�C and 20 mW

at 120�C. The threshold is 15 mA at 20�C, corresponding to a

threshold current density of 313 A=cm2.

Introduction: Because of its large conduction band offset, the

GaInNAs=GaAs quantum-well laser facilitates continuous-wave

(CW) mode operation at around 1.3 mm without use of a thermo-

electric cooler [1–3]. Very low threshold currents have been reported

for broad-area GaInNAs=GaAs quantum-well lasers [4] and ridge

waveguide lasers [5], but other key characteristics of these lasers have

not been satisfactory. In this Letter, we demonstrate a high-power

singlemode In0.36Ga0.64As0.99N0.01=GaAs laser, which exhibits excel-

lent performance features in terms of threshold current density, light

output, beam quality, and high-temperature operation.

Laser growth and processing: The lasers were grown on standard

n-type GaAs (001) substrates by means of solid-source molecular

beam epitaxy. An rf-plasma source was used to generate reactive

nitrogen atoms from purified N2 gas. Growth temperature was varied

between 460 and 650�C, depending on the layer under deposition.

The laser structure was as simple as possible; the cross-section is

shown in Fig. 1. It consisted of a 1.5 mm n-doped Al0.6Ga0.4As

cladding, a 6 nm In0.36Ga0.64As0.99N0.01 quantum-well embedded in

an undoped GaAs waveguide, a 1.5 mm p-Al0.6Ga0.4As cladding, and

a pþ-GaAs contact layer. A short heat-treatment of the structure was

carried out, prior to processing the chips, which was necessary

because the as-grown GaInNAs alloy is metastable and contains a

number of non-radiative recombination defect centres.

p+-GaAs 200 nm

p Al Ga As 1.5 m0.6 0.4 m-

i GaAs 176 nm-
i-GaAs 176 nm

In Ga As N0.36 0.64 0.99 0.01
quantum well =6 nm

n-Al Ga As 1.5 m0.6 0.4 m

n-GaAs (001) substrate
1 mm¥18,000

Fig. 1 Scanning electron micrograph of cross-section of GaInNAs=GaAs
quantum-well laser structure

Lasers with narrow-stripe ridges (4 mm) were processed using SiCl4
dry etching and then passivated with rf-sputtered SiNx layers. After

conventional p- and n-contact metallisation, the chips were cleaved and

mounted p-side up on Kyocera sub-carriers for characterisation.

Results: Fig. 2 shows light=current curves for a 4� 1200 mm laser

with uncoated facets. The drive current (Idrive) was pulsed (10 ms, duty

cycle¼ 1%). At 20�C, the threshold current Ith was 15 mA, which

corresponded to the threshold current density Jth¼ 313 A=cm2. To the

best of our knowledge, this is among the lowest Jth’s reported in the

literature for dilute nitride lasers [5, 6]. Illek et al. [5] achieved a

lower pulsed Ith of 11 mA, but Jth was remarkably high,

1.467 kA=cm2. In CW operation at 20�C, our laser had Ith¼ 23 mA

and Jth¼ 479 A=cm2. We should note that no attempt was made to

improve heat transfer from the chip to the sub-carrier. Poor heat

transfer also accounts for the large difference observed in the pulse

mode and CW-mode power levels at the same Idrive (Fig. 3).

Fig. 2 Light=current curves of 4� 1200 mm ridge-waveguide laser in
pulse mode (10 ms, duty cycle¼ 1%) with cleaved facets
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Fig. 3 Light=current curves and differential efficiency for pulse operation
of 4� 1200 mm ridge-waveguide laser with AR=HR coated facets for pulse
and CW operation at 20�C

Insets: Far-field pattern in pulse mode at 180 mW output, corresponding to drive
current of 290 mA, and optical spectrum in CW mode at 20 mW (drive
current¼ 120 mA)

Our laser operated in pulse mode up to 120�C, launching 20 mW

output at Idrive¼ 300 mA. For comparison, the highest operation

temperature, 175�C, demonstrated so far has been achieved by a

double-quantum-well laser, using polyimide planarisation [2]. Poly-

imide has a good thermal conductivity of 1.0 Wm�1K�1 at room

temperature [7], 30 times better than that of air (which was our case),

significantly improving the high-temperature operation. However, Ith of

this 6� 600 mm laser [2] was 50 mA, corresponding to Jth¼

1.38 kA=cm2.

When we coated the facets with AR (10%)=HR (60%) dielectric

layers, the output was increased up to 240 mW at room temperature,

and Ith was 30 mA (Fig. 3). The differential efficiency was as high as

0.64 W=A, which is comparable to the highest value reported by

Kovsh et al. [8]. The laser operated in kink-free single (lateral) mode

up to the highest output. The singlemode operation is also indicated in a

far-field pattern (inset of Fig. 3).

Conclusions: We have shown that it is possible to achieve a low

threshold current, high operational temperature, and singlemode high-

power emission by a simple dilute nitride laser structure if the material

is of good structural quality. Accelerated life-tests (T¼ 30�C,

Idrive¼ 80% Imax) on the broad area lasers made of the same wafer
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have begun. Preliminary results after 12 400 device-hours without any

failure indicate that the lasers will be very robust.
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InGaAsN/GaAs Lasers: High Peformance and Long Lifetime 
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ABSTRACT 

High power and single mode InGaAsN ridge waveguide lasers were developed. The pulsed the maximum output power 
was 240 mW at room temperature (RT). The threshold was 15 mA at 20 oC. The ridge waveguide laser could work be-
yond 120 oC. For cw operation, the lasers show a maximum output up to 40 mW RT. The broad area lasers using the 
same materials has been working under continuous-wave operation at constant current (80% of maximum output) for 
more than 42,800 device-hours at 30 oC with as-cleaved facets. They are still working well. 

Keywords: Semiconductor lasers, Dilute nitride, Molecular beam epitaxy, Quantum well 

1. INTRODUCTION 

The novel electronic structure makes pseudomorphic InGaAsN/GaAs a promising semiconductor for cost-effective 
GaAs-based telecommunication applications in the 1.3 - 1.55 um spectral region [1, 2, 3], which is currently dominated 
by the InP technology. There are some disadvantages with InP-based materials: (a) InGaAsP / InP structures have low 
power capacity and poor heat conductivity. Low output power and a low characteristic temperature coefficient (T0) are 
primarily due to the small carrier confinement. (b) For vertical cavity surface-emitting lasers (VCSELs), very thick dis-
tributed Bragg reflector (DBR) are required because the refractive index difference (∆n) is small for the InGaAsP / InP 
systems. Such thick DBRs lower the conductivity of the lasers and increase the cost. The dilute nitrides, InGaAsN, based 
on GaAs technology solve these problems very well. The electronic structures of dilute nitrides are markedly different 
from that of conventional alloys. The large difference in electronegativity and in atom size between nitrogen and arsenic 
results in a reduction of the energy bandgap and increase the electron effective mass with increasing mole fraction of N 
and lowers the net lattice strain in InGaAsN on GaAs amounting up to 6.7% on GaAs [4].Due to its large conduction 
band offset, the electronic structure of InGaAsN / GaAs can maintain strong carrier confinement [5] even at high tem-
peratures. The InGaAsN / GaAs quantum-well laser facilitates continuous-wave (cw) operation at around 1.3 µm without 
using of a thermoelectric cooler [5, 6, 7]. Very low threshold currents have been reported for broad-area InGaAsN / 
GaAs quantum-well lasers [8] and ridge wave-guide lasers [9], but other key characteristics of these lasers have not been 
satisfactory. The incorporation of nitrogen in InGaAs / GaAs results in a lower photoluminescence (PL) intensity and a 
broadening of the line width as a result of increased non-radiative centres (N-related defects). In order to remove such 
defects and hence increase the efficiency of radiative recombination, a post-growth annealing has to be employed. 

We developed high-power single-mode InGaAsN / GaAs lasers. The excellent performance features in terms of thresh-
old current density, light output, beam quality, high-temperature operation, and life time will be presented in this paper. 

2. MATERIALS GROWTH AND PROCESSING 

The laser structures were grown on standard n-type GaAs (001) substrates by means of all solid source molecular beam 
epitaxy with VG semicon V80. An EPI radio frequency (rf) coupled plasma source was used to generate reactive nitro-
gen from N2. The laser structure is shown in Fig. 1. It consisted of a 1.5-µm n-doped Al0.6Ga0.4As cladding, a 6-nm 
In0.36Ga0.64As0.99N0.01 quantum-well embedded in an undoped GaAs waveguide, a 1.5-µm p-Al0.6Ga0.4As cladding, and a 
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p+-GaAs contact layer. The growth temperature of n-AlGaAs, p-AlGaAs, GaAs and InGaAsN layers are 610, 580, 580, 
and 460 oC respectively. 

 

Fig.1 Scanning electron microscope (SEM) of the GaInNAs / GaAs quantum-well laser structure 

4 broad area laser processes for lifetime test were performed for as-grown and 3 post growth rapid thermal annealing 
(RTA) cases: 720 oC for 5 min, 720 oC for 40 min, and 890 oC for 1 sec. A 40-µm-wide stripe was defined by the stan-
dard UV-photolithography. After p-contact (Ti-Pt-Au) metallization the wafer was thinned, and then n-contact metals 
was deposited (Ni-Ge-Au) on the rear side and a 430 oC contact alloy RTA was applied. The wafer was cleaved to chips 
of 0.6, 1.0, and 1.6 mm in length. The mirror facets were as-cleaved (R ≈ 32 %). The lasers were mounted p-side up on 
Kyocera gold-plated copper sub-carriers. 

To achieve single mode performance, narrow width ridge waveguide (RWG) lasers were processed. Prior to processing 
the chips, a heat-treatment of the structure was carried out to remove non-radiative recombination defect centers. Lasers 
with narrow-stripe ridges (4 µm) were processed using SiCl4 dry etching and then passivated with rf-sputtered SiNx lay-
ers. The p- and n- contact metallization, sample thinning and the chips cleaving and mounting were similar to the proc-
essing of the broad area lasers. 

3. RESULTS AND DISCUSSION 

3.1 Broad area lasers 

Previous study [10] showed that short time high temperature (890 oC 1 sec) RTA mainly activated the Be-dopant and 
improved conductivity of the Be-doped layers. Longer time low temperature (720 oC 5-40 min) RTA removed the N-
related defects and decreased the absorption losses. In addition to the previous study, burn-in test under constant drive 
current at 30 oC has done on the devices (Fig.2). The drive current was set at which the output were 80% of maximum 
value. From Fig.2, there are three different burn-in behavior: (1) The burn-in improves the as-grown devices very rapidly 
at the beginning due to the removing of the N-related defects and then the laser performance is improved more slowly 
but steadily due to the improvement of the cladding layer by activating the dopants; (2) At the beginning, the burn-in 
quenches the 40-min-720-oC RTA devices maybe due to too much inter-diffusion induced during the RTA, and then the 
performance decreases slowly; (3) The performance of the 5-min-720-oC and 1-sec-890-oC devices keeps very stable. All 
the burn-in devices show very long life time: more than 42,800 device-hours. They are all working well and don’t show 

n –GaAs (001) Substrate 

n - Al0.6Ga0.4As 1.5 µm  

i -GaAs 176 nm 

In0.36Ga0.64As0.99N0.01 QW 6 nm 

i -GaAs 176 nm 

p -Al0.6Ga0.4As 1.5 µm 

p+ -GaAs 200 nm 
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any tendency of death. There have been few published reports on the reliability of edge emitting lasers (EELs), while 
there was much longer device lifetime report on 1.3 µm VCSEL [11]. Catastrophic optical-damage (COD) is a key point 
for the limit of the reliability of EELs. This COD limit is caused by high optic power density on the emitting facets. 
Normally, the optic power density on the emitting facets of EELs is more than 1000 times higher than the VCSEL emit-
ting window surface. This is why the reports on EELs lifetime are much fewer than VCSELs, especially for the uncoated 
EELs. 
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Fig.2 Burn-In test of the broad area chips at 30 oC under constant current IC. IC = I(P=80%Pmax), Pmax is the maximum output power. 
The burn-in of each devices started from different time but the last data were gotten in the same time. All the devices are still working 
well 

3.2 Ridge waveguide lasers 

High performance single mode ridge waveguide lasers were developed. The devices operation showed very low thresh-
old, high output power and single mode for both longitude mode and lateral mode.  

In pulsed operation (10 µs, duty cycle 1 %) at 20 oC, the threshold current Ith for a 4 × 1200 µm2 device with as-cleaved 
facets was 15 mA, which corresponded to the threshold current density Jth of 313 A/cm2 (see Fig.3). To the best of our 
knowledge, this is the lowest Jth which reported for dilute nitride RWG lasers [9, 12]. Illek et al. [9] reported a lower 
pulsed Ith of 11 mA (uncoated, 300µm length, 2.5 µm AlAs wet oxidation aperture), but Jth was remarkably high of 1.5 
kA/cm2. 

The lasers could be operated in pulse mode at the temperature beyond 120 oC. At 120 oC, the maximum output was 20 
mW. The reported highest operation temperature, 175 oC, demonstrated so far [6] has been achieved by a double-
quantum-well laser, using polyimide planarization. Polyimide has a good thermal conductivity of 1.0 Wm-1K-1 at room 
temperature [13], which is 30 times better than that of air (which was our case), significantly improving the high-
temperature operation. However, the thresholds of those lasers were very high. Ith of the 6 × 600 µm2 laser under pulsed 
operation [6] was 50 mA, corresponding to Jth = 1.38 kA/cm2, which was more than 4 times higher than ours. 
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Fig.3 Temperature dependence of threshold current of ridge waveguide lasers. 

Fig.3 shows the temperature dependence of the threshold. Characterization temperature T0 was 140 K in the range of 20- 
80 oC and 68 K for temperature higher than 80oC. 
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Fig.4 Light / current curves of 400, 800 and 1200 µm length ridge-waveguide lasers for cw operation with cleaved facets 
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Fig. 4 illustrates light / current curves in cw operation at 20 oC, for the ridge length of 400, 800, 1200 µm, our lasers had 
Ith = 19, 21.5, 23 mA and Jth = 1187, 672, 479 A/cm2 respectively. We should note that no attempt was made to improve 
heat transfer from the chip to the sub-carrier. Poor heat transfer also accounts for the large difference observed in the 
pulse-mode and cw-mode power levels at the same drive current (Fig. 5). 

After coating the facets with AR (10 %) / HR (60 %) dielectric layers, the output was increased up to 240 mW at room 
temperature, and Ith was 30 mA (Fig. 5). The differential efficiency was as high as 0.64 W/A, which is similar to the re-
ported highest peak value (0.67 W/A) (but quenched quickly) [14]. The laser operated in kink-free up to the highest out-
put. The single mode operation is also indicated in a far-field pattern (the inset of Fig. 5). 
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Fig.5 Light / current curves and differential efficiency for pulse operation of a 4 × 1200 µm ridge-waveguide laser with AR / HR 
coated facets for pulse and cw operation at 20 oC. A far-field pattern in pulse mode at 180-mW output, corresponding to the drive cur-
rent of 290 mA, and an optical spectrum in cw mode at 20 mW (drive current = 120 mA) are shown in the insets. 

SUMMARY,  

We have achieved high performance dilute nitride lasers: low threshold current, high operational temperature, and sin-
gle-mode high-power-emission. These lasers, single-mode emitting at 1.26 µm, show threshold of 15 mA (313 A/cm2) at 
room temperature. Maximum output power reached up to 250 mW at room temperature and more than 20 mW achieved 
at 120 oC. Accelerated life-tests (T=30 oC, Idrive=I(80%Pmax)) on the broad area lasers made of the same wafer have be-
gun. Preliminary results after more than 42,800 device-hours without any failure indicate that the lasers will be very ro-
bust.  
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ABSTRACT 

By adding a little nitrogen in InGaAs / GaAs quantum well (QW), a strong bandgap-bowing in the QW is 
caused. However, the incorporation of nitrogen results in lower photonuminescence intensity and wider line 
width as a result of increased non-radiative centers. In order to increase the efficiency of radiative 
recombination and hence reduce the laser threshold, a post-growth heat treatment has to be applied. Such kind 
of heat treatment results in a big blue shift due to interdiffusion and other effects. During growth, in order to 
incorporate nitrogen into InGaAs, the growth temperature is much lower than normal InGaAs growth. Large 
number of point defects is induced under such low temperature. This is the main cause of the interdiffusion at 
the interfaces of InGaAsN / GaAs QW. There are some other facts to cause the blue shift during heat 
treatment, such as local neighbourhood redistribution called short range ordered. In our study, different blue 
shift behaviors were clearly observed due to different blue shift mechanism. Post-growth heat treatment also 
affects the laser performance dramatically. Lower temperature treatment mainly decreases the absorption loss 
and higher temperature treatment improves the conductivity of the cladding layers. Different heat treatment 
also results in very different burn-in behavior. An optimized heat treatment will be concluded after the 
annealing discussion on laser devices. In order to assure longer emission wavelength as well as higher 
emission efficiency, many efforts have been tried and will be discussed in this paper. 

Keywords: dilute nitride, defect, diffusion, long wavelength, photoluminescence, blue shift, laser 
 

1. INTRODUCTION 

 
Fig. 1 Bandgap versus lattice constant for semiconductors shows lines of lattice match to GaAs and InP. The InGaAsN alloys are 

in the patterned area and InxGa1-xAs1-yNy with x≈2.8y is lattice-matched with GaAs. 
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Compare to InP-based semiconductor photonics devices, tremendous processing advantages are offered by GaAs-based 
ones: (1) the lager refractive index difference for lattice matched Al(Ga)As /GaAs enabling distributed Brag reflecting 
(DBR) mirrors to be more easily epitaxially grown with the quantum well (QW) active regions, and (2) highly selective 
oxidation of Al(Ga)As to form to form current and optical confinement, especially for the vertical surface emitters [1]. 
Dilute nitride InGaAsN with good lattice matching to GaAs (Fig. 1) is a promising semiconductor for cost-effective 
GaAs-based telecommunication applications in long wavelength region due to the large reduction of the energy bandgap 
with increasing mole fraction of N and lowers the net lattice strain in InGaAsN on GaAs [2,3]. Edge-emitting and 
VCSEL laser structures with impressive characteristics have already been reported [4, 5, 6, 7]. 

The information on the band gap of bulk InxGa1-xAs1-yNy shows below: 

Eg(InGaAsN)=(1-x)yEg(GaN)+ xyEg(InN)+(1-x)(1-y)Eg(GaAs)+ x(1-y)Eg(InAs)+x(x-1)[yCIn–Ga(InGaN) 
+(1-y)CIn–Ga(InGaAs)]+y(y-1)[xCAs–N(InAsN)+(1-x)CAs–N(GaAsN)] 
=1.422-1.572x-18.222y+14.722xy+0.51x2+20y2+0.89x2y-15.78xy2(eV)(T=300K) 

[8] eq (1) 

Table 1 The bowing factors used in eq (1) [8] 

CIn–Ga(InGaN) CIn–Ga(InGaAs) CAs–N(InAsN) CAs–N(GaAsN) 
1.40 eV 0.51 eV 4.22 eV 20.00 eV 

However, large number of N-related non-radiative recombination centers induce into InGaAsN due to low growth 
temperature and rf-plasma bombarding and results in rapid decreasing of luminescence efficiency and increasing the 
lasing threshold [9]. The solubility of N in these materials is quite limited results in low emission wavelength. In order to 
assure longer wavelength as well as high emission efficiency, many efforts have been tried: (a) Insert of strain-
compensating GaAsN layers (SCLs) and strain-mediating InGaAsN layers (SMLs) has proved an effective approach 
[10]; (b) Insert of GaAsP SCLs also increases the laser device performance dramatically[11]; (c) Incorporating another 
element Antimony (Sb) into the InGaAsN materials moves the emission wavelength to 1.55 µm range [12]. 

2. THERMAL ANNEALING FOR MATERIALS 
Due to the nitrogen incorporation rate limitation, the optimal deposition temperature is very low. Large number of 
interstitial nitrogen (up to 1019 cm-3), gallium vacancies (1016 cm-3), and N-N and other complexes are induced [13]. The 
defects induced by the epitaxial growth act as non-radiative centres and leads to bad photoluminescence (PL). A post-
growth heat treatment so called rapid thermal annealing (RTA) has to be applied in order to remove these defects. By 
using this kind of annealing, the PL intensity is increased and resulting in a big blue shift (BS) [14] due to mainly two 
factors: (1) (mainly group-III [8, 9, 10]) interdiffusion effects at the interfaces which form graded interfaces (2) re-
arrange of the N-neighborhood, so called short range ordered (SRO) [15, 16]. 

2.1  Mechanism of blue shift 

 
Fig. 2 Diagram of the sample structures for blue shift study. 
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InGaAsN / GaAs 3-QWs with different well widths of 3 nm, 5 nm and 9 nm were grown in one wafer by molecular 
beam epitaxy (MBE) (Fig. 2). Detail information about the growth was described in reference [17]. A post-growth RTA 
was applied at 700 °C. 

The RTA time dependence of the PL blue shift (BS) is shown in Fig. 3: (1) There was remarkable blue shift for InGaAs 
QW and the blue shift keeps un-saturated after 2000 sec of annealing at 700 °C; (2) In the first 30 sec, all the three 
InGaAsN QWs had almost the same blue shift of about 15 meV. Meanwhile, the InGaAs QW had only 2 meV; (3) After 
30 sec of RTA, the BS of 9-nm InGaAsN QW saturated soon at 24 meV. The blue shift of 5-nm and 3-nm InGaAsN 
QWs reached up to 45 and 57 meV respectively after 2000 sec of RTA; (4) after 30 sec and before 700 sec of RTA, the 
blue shift increasing tendency was ∆BS(3nm InGaAsN) > ∆BS(5nm InGaAsN) > ∆BS(5nm InGaAs) > ∆BS(9nm 
InGaAsN). (5) After 700 sec of RTA, the blue shift increasing tendency ∆BS of the 5-nm InGaAs QW and 5-nm 
InGaAsN QW were similar and the ∆BS of the 3-nm InGaAsN QW was higher. 

 
Fig. 3 RTA time dependence of blue shift for different QWs. Inset is the detail of the beginning in 80 sec. 

The optimized growth temperature of all the QWs was very low (460 °C). N-related point defects (PDN) and point 
defects (PDs) by low growth temperature (PDLT) such as Ga-vacancies (VGa) and/or As antisites (AsGa) [18] were 
induced during the growth of QWs. The PDs diffused to the interfaces of QWs and enhanced the atoms interdiffusion at 
the interfaces (mainly group-III [8, 9, 10, 19]) resulted in graded QW interfaces, which leaded to the increasing of 
transition energy (Fig. 4). Thus blue shift occurs. There are similar amount of PDLT in both InGaAsN and InGaAs but 
extra large amount of PDN in InGaAsN. Blue shift increasing tendency (∆BS) of 5-nm InGaAsN was bigger than 5-nm 
InGaAs before 700 sec of RTA. The interdiffusion should be similar for all three nitride QW, which resulted in: 
∆E1(3nm) > ∆E1(5nm) > ∆E1(9nm) after the first 30 sec of RTA. 
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Fig. 4 (a) Blue shift caused by interdiffusion. (b) Experimental evidence of interdiffusion: from the simulation of the X-ray 
diffractive rocking curves, obvious interdiffusion was induced by 5 minutes of annealing at 650 °C (detail discussion can be found in 
reference [19]). 

If there is only interdiffusion, the relationship of ∆E1(3nm) > ∆E1(5nm) > ∆E1(9nm) should start from the very beginning 
during the RTA processing. However, in the first 30 sec of RTA, the blue shifts of all three InGaAsN QWs were almost 
the same. There should be other factors which induced the blue shifts and such kind of blue shifts should not be affected 
by the QW width. The re-arrangement of nearest neighborhood of nitrogen so called short range ordered, SRO, causes 
the blue shifts during annealing [15, 16]. The atom diffusion length of the interdiffusion at interfaces is much bigger than 
that of the local atomic re-arrange for SRO around the nitrogen neighbors. Therefore, the blue shift caused by SRO is 
much faster than by interdiffusion during RTA. During the first 30 sec RTA at 700 °C, the blue shifts of InGaAsN QWs 
are dominated by SRO which should not be related to the QW width and the interdiffusion is not obvious. The blue shifts 
of the nitride QWs during the first 30 sec RTA are almost the same which indicates that SRO states should be strong 
localized at the ground state E1 and do not affect the conduction band edge in InGaAsN QW.  

After 700 sec of RTA, the increasing tendency ∆BS of the 5-nm InGaAs QW (only caused by the interdiffusion due to 
PDLT) and 5-nm InGaAsN QW (caused by the interdiffusion due to both PDN and PDLT) were similar. This implies that 
the interdiffusion caused by PDN already saturated before 700 sec of RTA and thus the relationship between the mainly 
two factors for interdiffusion is that PDN is much faster than PDLT. 

In summary, the PL BS during post growth annealing for InGaAsN / GaAs QWs is caused by both SRO and 
interdiffusion at interfaces. SRO is much faster than interdiffusion. There are two main factors induced BS for 
interdiffusion: N-related point defects (PDN) and low growth temperature related defects (PDLT: Ga-vacancies and/or As 
antisites). BS(PDN) is much faster than BS(PDLT). Therefore, the relationship of the blue shift rate is: R(BS(SRO)) > 
R(BS(PDN)) > R(BS(PDLT)). 

2.2 The role of molecular nitrogen 

In MBE growth of nitrides, a radio frequency (rf)-coupled plasma source is used to generate reactive nitrogen for N 
incorporation nitrogen molecular. Wistey et al [20] reported that large mount of molecular nitrogen (N2) were not 
cracked in the reactive nitrogen beam which flowed to the substrate. Reifsnider et al [21] suggest that the growth 
chamber pressure should be reduced as low as possible to get good quality of dilute nitrides. This implies that the 
molecular N2 plays a very important role in the quality control of dilute nitrides. 

 
Fig. 5 Diagram of the sample structures for N2 incorporation study. 32 nm barrier is big enough to avoid the carriers inter-affect 

between the QWs. Detail information for the growth was described in reference [22] 

Post-growth RTA was applied at 700 °C. The RTA time dependence of the PL blue shift and peak intensities of the 3-
QWs sample is shown in Fig. 6. From these “PL vs RTA time” plots, we observed that: (1) there was BS in the InGaAs 
as described above; (2) in the first 5 sec, there was no BS for both InGaAs and InGaAs(N2) while the that of InGaAsN 
was 4 meV, then the BS of the InGaAs increased slowly and that of the InGaAs(N2) increased rapidly and became and 
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kept the same as that of InGaAsN from about 50 sec to 180 sec; (3) there was remarkable BS for InGaAs(N2) and even 
bigger than that of the InGaAsN after 180 sec of annealing at 700 °C. 

 
Fig. 6 RTA time dependence of PL blue shift and intensity for different QWs. Inset is the detail blue shift in 100 sec of these three 

kinds of QWs. 

The blue shift of the InGaAs(N2) is extremely bigger than the InGaAs and it is even bigger than the InGaAsN. During the 
growth of the 3-QWs, the N2 flows for all the three QWs were the same. More than 99.99% of the flowing gas was N2 
because the N2. Therefore, the N2 flows for both InGaAsN and InGaAs(N2) were the same. This indicates that the N2 was 
incorporated in the 3-QWs growth and it dominated the blue shift. It is reasonable that the blue shift of InGaAs(N2) is 
bigger than InGaAsN because the strain in InGaAs(N2) is higher than in InGaAsN and the strain enhances the 
interdiffusion [10]. In the very beginning during RTA, SRO dominates the blue shift, while there was very little blue shift 
for InGaAs(N2). This indicates that the N2 only acts as point defects and enhances the interdiffusion and thus induces 
huge blue shift after longer time of RTA. 

2.3 Blue shift suppression 

InGaAsN layers are well known to demonstrate phase separation and morphology modulation [23], which cause the 
group-III interdiffusion during annealing [24]. Less In or/and N in InGaAsN layer causes less phase separation [23]. If 
we add two additional InGaAsN layers with less In and N composition on each side of the InGaAsN QW, the bottom 
layer may act as a nucleation template and the top layer may act as a phase separation cap layer. Then these two layers 
suppress the interdiffusion. We call such function layers diffusion suppressing layers (DSLs). 

Table 2 Layer parameters for different samples. 

Sample 
name Layers Thickness 

(nm) 
GaAs 167.0 “InGaAs” 
In0.36Ga0.64As (QW) 5.5 
GaAs 152.5 “InGaAsN” 
In0.35Ga0.65As0.990N0.010 (QW) 5.5 
GaAs 166.0 
GaAs0.989N0.011 (SCL) 22.8 “SCL” 
In0.37Ga0.63As0.989N0.011 (QW) 6.4 
GaAs 210.0 
GaAs0.986N0.014 (SCL) 13.0 
In0.32Ga0.68As0.991N0.009 (DSL) 3.1 

“SCL-DSL” 

Ga0.66In0.34N0.0094As0.9906 (QW) 7.8 
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Samples were grown by MBE. Four kinds of samples were grown with active regions consisting of (i) “InGaAs”: GaAs / 
InGaAs QW / GaAs layers, (ii) “InGaAsN”: GaAs / InGaAsN QW / GaAs layers, (iii) “SCL”: GaAs / SCL / InGaAsN 
QW / SCL / GaAs layers, and (iv) “SCL-DSL”: GaAs / SCL / DSL / InGaAsN QW / DSL / SCL / GaAs layers. Layer 
parameters are shown in Table 2. The growth and post growth RTA was described in detail in Ref [10]. 

The composition profile is characterized by a diffusion length Dt=δ , where D is the diffusion coefficient and t is the 
annealing time. For a InxqGa1-xqNyqAs1-yq / GaAs QW with an indium mole fraction of x0 for the as-grown sample, the 
composition profile after annealing is given by an error function: 
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2
)( 0 zWerfzWerfxzx  [25] eq (2)   

where W is the as-grown well width, z denotes the length along the crystal growth direction, and the QW center is 
located at z=0. 

 
Fig. 7 Measured and simulated XRD-RCs of sample “InGaAsN” in the cases of before (upper) and after (lower) RTA. After RTA, 

the QW peaks become more flat and lower, and the slope of the part between QW and GaAs peaks becomes more flat too. The In 
diffusion parameter change from 0.4 nm to 0.725 nm. The bars below the measured XRD-RCs are drawn by eyes to show the slope. 

Fig. 7 shows both the experimental and the simulated X-ray diffraction rocking curves (XRD-RCs) of the sample 
“InGaAsN” for both before and after RTA. This is a strong evidence to support the interdiffusion during RTA.  

 
Fig. 8 Results of (a) PL properties and (b) the simulation of X-ray rocking curves.  
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Fig. 8 shows the relationship of PL properties and simulation data of X-ray rocking curves. The diffusion length was the 
largest and the PL intensity was very low for sample “SCL” after annealing. The observed blue shift was much bigger for 
the sample “SCL”, BS=23.4 meV, than for the sample “InGaAsN”, BS=14.9 meV after annealing. This difference in the 
blue shift was consistent with the difference of diffusion lengths of these two samples. Placing a DSL on either side of 
the QW (sample “SCL-DSL”), the diffusion was suppressed dramatically. The blue shift was reduced to 4.2 meV, which 
was even less than InGaAs QW. The PL peak intensity was increased mostly because of less interfacial carriers 
scattering due to less interfacial roughness. The strain between the SCL layer and the QW interface in sample “SCL” was 
2.64 % (δIn ≈ 1.00 nm), between the GaAs and the QW in sample “InGaAsN” was 2.30 % (δIn ≈ 0.73 nm), and between 
the DSL layer and QW was 0.13% ((δIn ≈ 0.15 nm)). Therefore, the strain difference between the two sides of the 
interface played a key role for group-III interdiffusion during annealing: the larger difference, the larger interdiffusion. 

Changes in the surface morphology or the phase separation process, caused by the appearance of two DSL layers, may 
act as a nucleation template on bottom side and as a phase separation cap layer on the top side because of smaller strain 
in DSL [23]. The DSLs decrease the phase separation and hence decrease the interdiffusion. 

The δIn of sample “InGaAs” was much smaller than that of sample “InGaAsN” after the same annealing, 
δIn(“InGaAs”)≈0.20 nm, δIn(“InGaAsN”)≈0.73 nm. This implies that a small amount of nitrogen incorporation could 
increase the In / Ga interdiffusion. Large a mount of point defects was induced during the incorporation of N in nitride 
layers [9]. Such point defects enhanced the In/Ga interdiffusion [26]. We also found that the N / As interdiffusion 
(δN≈0.20–0.25 nm) was much smaller than that of In / Ga (δIn≈0.73–1.02 nm) in the samples “InGaAsN” and “SCL” 
after annealing. Apparently, our annealing temperature was not high enough to induce any significant N / As 
interdiffusion. 

3. THERMAL ANNEALING FOR LASER DIODE 
The incorporation of nitrogen in InGaAs / GaAs results in high density of non-radiative centers (N-related defects). In 
order to remove these defects and increase the efficiency of radiative recombination, a post-growth annealing is needed 
[9, 10]. On the other hand, to protect the quality of the active layers, the growth temperature of AlGaAs cladding layers 
(for edge emitters) or Al(Ga)As/GaAs DBRs can not be as high as normal Al(Ga)As growth. Then the dopant and Al-
related defect density is very high. In order to remove the defects in the Al(Ga)As layers, a higher temperature heat 
process should be applied. Meanwhile, the high temperature heat treatment can also activate the dopant and improve the 
conductivity of Al(Ga)As layers. 

The laser structures were grown on n-type GaAs (001) substrates by solid source MBE. Four laser processes were 
performed for as-grown and three post growth RTA cases: 720 °C for 5 min, 720 °C for 40 min, and 890 °C for 1 sec. 
Detail information on the MBE growth and laser processing can be found in the reference [27]. More RTA was done for 
PL research on the pieces from the same wafers which the laser chips were made of. 

 
Fig. 9 Threshold current density vs cavity length for pulsed pumping. 
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From the laser processing with as grown, RTA 720 °C 5 min, 40 min and RTA 890 °C 1 sec, the annealing can improve 
the laser performance. Fig. 9 shows the relationship between the laser threshold current density (Jth) and the cavity length 
(L) for all the RTA cases. The annealing decreases the laser threshold current density dramatically. The linear fit slope of 
Jth vs 1/L for as-grown was similar to the ones for 720 °C RTA cases. But the slope for 890 °C RTA was decreased very 
much. 

The following expression gives the relationship between the threshold, gain, absorption losses, and cavity length of the 
EELs: 

⎟⎟
⎠

⎞
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⎝

⎛
⎟⎟
⎠

⎞
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⎝

⎛
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21

1ln
2
11

RRL
Jth α

β
 [28] eq (3)   

Where 
0

0

J
G

=β  is the maximum gain injection ratio, Γ is the confinement factor, α is the absorption losses, L is the 

cavity length, and R1, R2 are the reflectivities of facets, here, the facets are as-cleaved, R1=R2≈32%. The confinement 
factor Γ is decided by the band structure, the difference of the diffractive indices (∆n) and the profile of the processed 
laser device. ∆n and device profiles are the same for all the cases. The annealing only affects the band structure slightly 
[10]. Therefore, we can assume that the effect of annealing on the confinement factor can be ignored. 

 
Fig. 10 Annealing effects on the absorption losses (α) and injection gain ratio (β). Γ is the confinement factor, which is not sensitive 

to the annealing. α, β and Γ are calculated with eq (3) and the data of Fig. 9. Inset is the 720 °C RTA time dependence of α and PL 

Comparing to the as-grown case, RTA at 720 °C significantly decreases α, but it does not affect β much. RTA at 890 °C 
can dramatically improve β and decrease α slightly (Fig. 10). The decrease of α for RTA at 720 shows a saturation vs 
time. As we know, annealing at around 700 °C can improve the crystal quality of InGaAsN [10]. The saturation of α vs 
RTA time indicates that this kind of improvement mostly occurs at the beginning of annealing. The decrease tendency of 
α vs RTA time is similar to the increase tendency of PL (only active region on top) vs RTA time (see inset of Fig. 10). 
This implies that the absorption in the InGaAsN active layer dominate the absorption losses in the lasers. There are two 
reasons: (1) more than 80% of the lasing gain is distributed in the active region and the absorption losses outside the 
active region don’t play an important role; (2) the defect-induced absorption in Be-doped AlGaAs and GaAs layers 
mainly happens for the photons whose energy is higher than the ones emitting from the active region in this case. RTA at 
890 °C only decreases the absorption losses slightly, which indicates that the annealing at high temperature 890 °C not 
only remove N-related defects but also induce some other kinds of defects because the temperature is very high. 
However, this 1 sec is long enough to activate the dopants (especially p-type) and improve the carrier conductivity 
dramatically. Therefore, high temperature annealing increases the gain injection ratio significantly. 
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4. HIGH PERFORMANCE DEVICES OF DILUTE NITRIDES 
In this section, we report some of our recent demonstration of high performance optoelectronic devices by using dilute 
nitrides in our research centre. 

4.1 5.1 High performance single mode EEL 

Narrow-stripe (4 µm) ridge waveguide 6-nm In0.36Ga0.64As0.99N0.01 QW lasers with uncoated facets was processed. At 20 
°C, the threshold current of a 1200 µm chip was 15 mA, which corresponded to the threshold current density Jth = 313 
A/cm2 [7]. To the best of our knowledge, this is among the lowest Jth’s reported in the literature for dilute nitride lasers 
[29, 30]. Illek et al. [29] achieved a lower pulsed Ith of 11 mA, but Jth was remarkably high, 1.467 kA/cm2. 

Our laser operated in pulse mode up to 120 oC, launching 20-mW output at Idrive = 300 mA. For comparison, the highest 
operation temperature, 175 oC, demonstrated so far has been achieved by a double-quantum-well laser, using polyimide 
planarization [31]. Polyimide has a good thermal conductivity of 1.0 Wm-1K-1 at room temperature [32], 30 times better 
than that of air (which was our case), significantly improving the high-temperature operation. However, Ith of this 6 × 
600 µm2 laser [31] was 50 mA, corresponding to Jth = 1.38 kA/cm2. 

The laser operated in kink-free single (lateral) mode up to the highest output. The single mode operation is also indicated 
in a far-field pattern. 

 
Fig. 11 Robust test (cw) for a chip of broad area (44×1000 µm) EEL made of the same wafer described above. 

Fig. 11 shows robust test results of cw operation. After 460 times of robust running at temperature of 20 °C, 30 °C, 40 
°C, 50 °C, 55 °C, then turn back to 20 °°C, the threshold was not changed and the maximum output power was only 
decreased by 50%. This indicates that our InGaAsN QW laser materials have high quality for the laser diodes. 

4.2 5.2 High power optically pumped VECSEL 

The first high-power vertical external-cavity surface emitting laser (VECSEL) operating at 1.32 µm cw output power 
greater than 0.6W was achieved using a InGaAsN/GaAs structure capillary-bonded to a single crystal diamond heat 
spreader [33]. 

Using a 2% output coupler with the VECSEL held at 20°C we obtained an output power of 0.43W. With the mount 
cooled to 5°C we achieved an output power of 0.61W at an incident power of 7.03W, at a wavelength around 1.32 µm. It 
is evident that threshold and slope efficiency are marginally improved at lower temperature. The output mode was 
circularly symmetric TEM00 mode, M2 < 1.2. 

In May 2007, we report on a high-power InGaAsN/GaAs optically pumped VECSEL operating at a wavelength of 1240 
nm [34]. The laser structure consisted of 12 dilute nitride QWs placed on top of a GaAs/AlAs DBR, the whole structure 
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being grown by MBE. A diamond heat spreader was bonded onto the sample for improved heat dissipation. When cooled 
down to 8 oC, the laser produced continuous-wave output power up to 1.46W in the TEM00 mode (Fig. 12). 

 
Fig. 12 Light output characteristics of the GaInNAs/GaAs SDL plotted against chip temperature for a 1%output coupler. Inset: 

dependence of the threshold pump power on chip temperature. 

4.3 Vertical-cavity semiconductor optical amplifiers 

The best performance characteristics were obtained for 6-QW vertical-cavity semiconductor optical amplifiers 
(VCSOAs) with the bottom DBR reflectivity of 99.4% and the top DBR reflectivity of 97.7% [35]. The maximum gain 
for this device was 19 dB (13.9 dB for the system gain). The bandwidth at 10.5-dB gain was 22 GHz and the output 
saturation power 1.5 dBm. This compares very well with gain-guided InP-based VCSOAs. It is even more remarkable 
that similar gain values were obtained with a smaller number of QWs than for InP VCSOAs. 

4.4 High performance multi-QW LDs 

Low threshold double-QW and triple-QW ridge waveguide lasers were developed in our group. A record slope 
efficiency of 0.28 W/A and low threshold current density of 278 A/cm2/QW are demonstrated for the triple-QW single-
mode lasers. Table 3 shows state-of-the-art characteristics of 1.3-µm InGaAsN multiple-QW lasers grown by MBE. 

Table 3 state-of-the-art characteristics of 1.3-µm InGaAsN multiple-QW lasers grown by MBE: RW=ridge width, 
CL=cavity length, FC=facets coating, SE=slope efficiency, T0=characterization temperature, both Ith and Jth were 
measured at 20 °C. 

# of  
QWs 

RW 
µm 

CL 
µm 

FC 
µm 

λ 
nm 

Ith 
mA 

SE 
W/A 

Jth/QW 
A/cm2 

T0 
K 

barriers Ref 

3 4.0 600 No 1295 20 0.28 278 74 GaAsN ORC/2006 
2 4.1 600 No 1301 22 0.25 447 97 GaAsN [36]/2004 
3 4.7 600 No 1309 29 0.23 343 121 GaAsN [36]/2004 
2 4.0 400 No 1280 22 0.22 688 180 GaAs [37]/2005 
3 4.0 350 No 1290 21 0.27 500 75 InGaAsN [38]/2000 
3 4.0 350 HR 1290 16 0.35 381 110 InGaAsN [38]/2000 
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