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Abstract 

Ga l-,InxAsySb 1 -y  epilayers were grown lattice matched to GaSb substrates by 

organometallic vapor phase epitaxy using all organometallic precursors, which include 

triethylgallium, trimethylindium, tertiarybutylarsine, and trimethylantimony. Layers were grown 

over a temperature range between 525 and 575"C, a VAII ratio range between 0.9 and 1.7, x < 

0.2 and y < 0.2, and on (100) GaSb substrates with 2" toward (100) or 6" toward (1 11)B. The 

overall material quality of these alloys depends on growth temperature, In content, VAII ratio, 

and substrate misorientation. A mirror-like surface morphology and room temperature 

photoluminescence (PL) could be obtained for GaInAsSb layers with peak emission in the 

wavelength range between 2 and 2.4 pm. Based on epilayer surface morphology and low 

temperature PL spectra, the crystal quality improves for growth temperature decreasing from 

575 to 525OC, and with decreasing In content. In general, GaInAsSb layers grown on (100) 

GaSb substrates with a 6" toward (1 1 l)B misorientation exhibited smoother surfaces and 

narrower full width at half-maximum values of 4K PL spectra than layers grown on the more 

standard substrate (100) 2" toward (1 10). Nominally undoped GaInAsSb layers grown at 550°C 

are p-type with 300K hole concentration of -5 x IO15 cm-3 and hole mobility of -430 to 560 

cm2/V-s. The n- and p-type doping of GaInAsSb with diethyltellurium and dimethylzinc, 

respectively, are also reported. 
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1. Introduction 

Ga l-xh .AsySb l-y is an important material for optoelectronic devices that operate in the 

mid-infrared. This alloy can be lattice matched to GaSb or InAs substrates and has a direct 

energy gap adjustable in the wavelength range from 1.7 (0.726 eV) to 4.2 pm (0.296 eV). 

Although most quaternary alloy compositions are predicted to exhibit thermodynamic 

immiscibility at typical growth temperatures [1,2], stable alloys with a cutoff wavelength of 

2.39 pm have been grown by liquid phase epitaxy [3], and metastable alloys have been grown 

by organometallic vapor phase epitaxy (OMVPE) [4,5] and molecular beam epitaxy [6]. There 

have also been demonstrations of devices based on this alloy, which include lasers [7-91, 

photodetectors [ 101, and thermophotovoltaic devices [ 1 1,121. Consequently, the technological 

interest of GaInAsSb cdntinues to increase, especially for devices that operate in the wavelength 

range between 2 and 2.5 pm. 

The energy gap dependence on composition of the Ga1-,InxAsySb l-y quaternary alloy, 

based on the binary bandgaps [13], is given by E(x,y) = 0.726 - 0 . 9 6 1 ~  - 0 . 5 0 1 ~  + 0 . 0 8 ~ ~  + 
0 . 4 1 5 ~ ~  + 1 . 2 ~ 2  + 0 . 0 2 1 ~ 2 ~  - 0 . 6 2 ~ ~ 2 .  The energy gap is determined in large part by the In 

content of the alloy, while the As content mainly affects the lattice constant. For alloys lattice 

matched to GaSb, y = 0.867(~)/(1 - 0.048~).  OMVPE has been used to grow these alloys lattice 

matched to both InAs and GaSb substrates [4,5,14-171. However, for the longer wavelength 

alloys, growth on GaSb substrates is preferred over InAs substrates due to thermodynamic 

considerations. 

In previous reports on OMVPE growth of GaInAsSb, alloys were grown with 

trimethylgallium (TMGa) as the gallium precursor [4,5,14- 161. For growth temperatures which 

ranged between 500 and 550°C, TMGa was not completely pyrolized [4,15] and the 

composition of In in the alloy was found to be dependent on growth temperature. Although 

precursor decomposition is reactor and pressure dependent, we also determined from growth 

experiments of GaSb, that TMGa is only partially decomposed below 640°C. However, when 

triethyigallium (TEGa) is used, growth is mass-transport limited between 525 and 640°C [ 181. 
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Thus, there is a potential advantage to using TEGa as the gallium precursor for growth of 

I GaInAsSb, In this paper, we report OMVPE? growth of Gal.xInxAs,Sb l-y alloys lattice matched 

to OaS b with TEGa, trimethylindium (TMIn), tertiarybutylarsine WAS),  and trimethyl- 

antimony (TMSb). High quality epilayere lattice matched to GaSb substrates arc obtained for 

alloys with room temperature cutoff wavelengths between 2 and 2.4 pm. Low temperature 

photoluminescence (PL) spectra show narrow near-bandedge transitions with full width at half- 

maximum (FWHM) values typically less than 10 meV, which is significantly lower than 

previous values reported for layers grown by OMVPE. We also report the n- and p-type doping 

of GaInAsSb using diethyltellurium (DETe) and dimathyizinc @ M a ) ,  respectively. 

2. Epitaxial Growth and Characterization 

Ga lJnxAsySb lmY epilaym were grown in a vextical rotating-disk reactor with carrier 

gas at a flow rate of 10 slpm and reactor pressure of 150 Torr [17]. Solution TMIn [19], TEGa, 

TBAs, and TMSb were used as organometallic precursors, Solution TMIn was selected to 

minimize source transients normally encountered when using the standard solid source Thlln 

[WJ. On-line ultrasonic monitoring of the TMIn delivery confirmed that the output was stable 

over a sevexaf month period. TMIn and TEGa were maintained at 24*C, TMSb at OOC, and 

TBAs at - 8 O C  For doping studies, DETe (10 ppm in Hz) and DMZn (1000 ppm in Hz) were 

used as n- and p-type doping sources, respectively. Precursors were premixed in a fast switching 

manifold before introduction into the reactor. 

The total group III mole fraction was typically 3.5 to 4 x which resulted in a growth 

rate of -2.5 to 2.7 km/h. The TMIn fraction in the gas phase, ~ M I ~ / [ P T M I ~  3. p m ~ ] ,  was 

varied from 0.127 to 0.267 and the VflII ratio ranged from 0.9 to 1.7. For lattice matching to 

GaSb substrates, the TBAs fraction in the gas phase, P T B A J ~ P T B ~  + ~ T M S ~ ] ,  was varied from 

0.05 to 0.15. Epilayers were grown at 525,550, and S7S°C. 

Ga~-xInxAsySbl,y epilaycrs were grown without a GaSb buffer on (100) Te-dopcd OaSb 

substrates with various misorientations. The bulk of the layers were grown on substrates 
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misoriented 2" toward (1 10) or 6" toward (1 11)B. In a few experiments, (100) GaSb substrates 

with misorientations of 6" toward (1 lo), 2" toward (1 11)A, 6" toward (1 l l )A,  or 2" toward 

(1 1 l)B were used. For direct comparison, an attempt was made to grow epilayers side-by-side 

on substrates of various misorientation angles to minimize the effects of run-to-run variability. 

The surface morphology was examined using Nomarski contrast microscopy. Double- 

crystal x-ray diffraction (DCXD) was used to measure the degree of lattice mismatch Ada  to 

GaSb substrates. PL was measured at 4 and 300K using a PbS detector. The In and As content of 

epilayers was determined from DCXD splitting, the peak emission in 300K PL spectra, and the 

energy gap dependence on composition based on the binary bandgaps. For electrical 

characterization, GaInAsSb was grown at 550°C on semi-insulating (SI) (100) GaAs substrates 

misoriented 2" toward (1 10) or 6" toward (1 1 l)B. Since the mismatch between GaInAsSb and 

GaAs is -8%, a GaSb buffer layer of various thicknesses was first grown at 550°C to reduce the 

contribution of electrically active defects due to the lattice mismatch. Carrier concentration and 

mobility of GaInAsSb epilayers, which were grown about 3 pm thick, were obtained from Hall 

measurements based on the van der Pauw method. 

3. Results and discussion 

3.1 Surface morphology 

The surface morphology of GaInAsSb layers depends on V/III ratio, substrate 

misorientation, In content, and growth temperature. Figure 1 shows the surface morphology of 

(h0.88h0.12AS0.1 Sbo.9 layers grown with various VAII ratios at 575°C on (100) GaSb substrates 

misoriented 2" toward (1 lo). The layers are nominally lattice matched to the GaSb substrate 

(Ada <1.5 x 10-3). For VdII = 0.9, the surface is metal-rich and hazy to the naked eye. When the 

VDII ratio was increased to 1.05, the surface morphology is mirror-like. As the VDII ratio was 

increased further, however, Nomarski contrast microscopy revealed surface texture which 

increases with VAII ratio. These results are similar to the morphology dependence on VDII ratio 

observed for GaSb [18]. When the growth temperature was reduced to 550 and 525"C, the 

4 



REPRODUCED AT GOV'T EXPENSE # 5 

minimum VAII ratio increased to 1.15 and 1.25, respectively. We also observed that GaInAsSb 

layers of similar composition exhibit a smoother morphology when grown at a lower 

temperature of 550 or 525°C compared to 575°C. 

The surface morphology was also found to be dependent on substrate misorientation. 

Figures 2a-f are Nomarski interference micrographs of Ga0.82In0.18 Aso. 15 Sb0.85 layers grown at 

550°C and V/III = 1.25 on (100) GaSb substrates with a 2 or 6" misorientation toward ( 1  lo), 

(1 1 1)A, and (1 11)B, respectively. The layers grown on substrates with a 2" misorientation 

exhibit considerable texture. A smoother surface morphology is observed for layers grown on 

substrates with a 6" misorientation, and the smoothest surface is observed for 6" toward (1 1 l)B 

misorientation. 

The In content Lffects the surface morphology of epilayers grown on (100) substrates 

with a 2" toward (1 10) misorientation. As the In concentration decreases (i.e., composition 

moving away from the GaSb corner of the miscibility phase diagram [4]), the surface becomes 

smoother, and for Ga0.9In0.1 Aso.08Sb0.92, a mirror smooth surface is obtained for epilayers 

grown at a growth temperature of 550°C. In general, these observations suggest that the 6" 

toward (1 1 l)B misorientation provides a wider operating range of growth parameters for 

obtaining a smooth morphology, and that surface morphology improves at lower growth 
+ 

temperatures. 

3.2 Alloy composition control 

As discussed above, the energy gap of Gal-,InxAsySb l-y depends on both the x- and y- 

value, but is more strongly affected by the x-value, while the y-value is used to adjust the lattice 

constant to match to the GaSb substrate. The distribution coefficients of In and As are shown in 

Figs. 3a and 3b, respectively. Test data are plotted for layers grown on (100) 2" toward (110) 

substrates. The growth temperature was 525, 550, or 575"C, and the V/III ratio ranged between 

1.1 and 1.3. For these layers, IAdal c 2 x 10-3. At 525"C, the In distribution coefficient is 1.2, 

and decreases to 0.95 and 0.5 at 550 and 575"C, respectively. The trend of a lower In 
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distribution coefficient with increasing temperature is similar to results reported for growth using 

TMGa and TMIn [4,15]. However, in those studies, the dependence is attributed to the increase 

in TMGa pyrolysis with temperature. For the range of growth temperatures and reactor used in 

this study, it is likely that both TMIn and TEGa are completely pyrolyzed. Thus, these results are 

somewhat surprising and may reflect a difference in surface kinetics. 

Figure 3b shows that the As distribution coefficient is approximately unity independent 

of growth temperature, indicating complete pyrolysis of TBAs and TMSb. This result is 

somewhat surprising since we concluded from growth studies of GaSb with TEGa and TMSb, 

that a temperature of 6OOOC is required to completely pyrolyze TMSb in the vertical reactor used 

in this study [18]. The decomposition of TMSb may be enhanced by the presence of the other 

precursors used in this 'study. In contrast, the As distribution coefficient was reported to be a 

strong function of temperature when TMGa, TMIn, TBAs, and TMSb were used as precursors 

~ 5 1 .  

The degree of lattice mismatch of GaInAsSb epilayers on GaSb can influence the 

performance of minority carrier-type devices, such as thermophotovoltaics [ 121. Therefore, we 

determined the sensitivity of lattice mismatch on the fraction of TBAs in the gas phase. Since the 

As distribution coefficient is unity, the sensitivity is not temperature dependent. The lattice 
- 

mismatch variation is about 1.5 x 10-3 % per TBAs mole fraction in the gas phase, which 

corresponds to about 160 to 180 arc sec per sccm H2 flow through the TBAs bubbler for group 

I11 mole fraction of 4 x 10-4. Since the reproducibility of a typical mass flow controller is 0.1 

sccm, the data indicate that TBAs can be used to provide excellent controllability of lattice- 

matching conditions. The FWHM of the peak of a typical DCXD scan for a 2-pm-thick 

&o.9Ino.~As0.ogSb0,92 layer is 21 arc sec, which is comparable to the 22 arc sec FWHM for the 

GaSb substrate. When the lattice mismatch is greater than about 5 x a cross-hatch surface 

morphology is observed. 
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3.3 Optical properties 

Photoluminescence spectra measured at 4K of GaInAsSb layers grown at 550°C on (100) 

GaSb substrates with either a 2" toward (1 10) or 6" toward (1 1 l)B misorientation are shown in 

Fig. 4. The FWHM is 15.4 meV for layer A, with a 2" toward (1 10) misorientation, compared to 

a FWHM of 7.5 meV for layer B, with the 6" toward (1 11)B misorientation. In addition, the 

peak emission is slightly longer at 2045 nm for layer A compared to 1995 nm for layer B. The 

PL spectra measured at room temperature also show a longer peak emission for layer A at 2236 

nm compared to 2217 nm for layer B. This difference corresponds to a small decrease in In 

content from about 0.142 to 0.139. 

Table 1 lists PL 'data for lattice-matched GaInAsSb layers of various alloy compositions 

grown at 525 and 550"C, and indicates similar trends. The FWHM values are lower and the PL 

peak position is at shorter wavelength for the 6" toward (1 1l)B misorientation compared to the 

2" toward (1 10) misorientation. A dependence of In incorporation on substrate misorientation 

has also been reported for InGaAs [21]. However, in the present study, the misorientation angles 

and directions are different, so a possible mechanism for the observed In dependence cannot be 

suggested. In addition, the data in Table I suggest that FWHM values are dependent on growth 

temperature. Narrower FWHM values are obtained for GaInAsSb grown on (100) 2" toward 

(1 10) substrates when grown at 525°C compared to 550°C. For most of the layers, the difference 

in PL peak energy at 4 and 300K is in the range between 0.05 and 0.07 meV, which is in line 

with the energy difference of the near-bandedge transitions for GaSb [22] and InAs [23]. The PL 

peak position is at a longer wavelength at 4K compared to 300K for sample 392a. Since the 

FWHM value is large, it is more likely that the peak is related to an impurity transition. 

Figure 5 summarizes our best FWHM data for GaInAsSb epilayers. These samples were 

grown at 550°C on (100) 6" toward (1 1 l)B substrates or at 525°C on either (100) 2" toward 

(1 10) or 6" toward (1 1 l)B substrates. Also shown for comparison are data for layers grown by 

OMVPE on (100) substrates 15,151. The FWHM values decrease with increasing PL peak 
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energy. Our FWHM values are significantly smaller than those reported previously, especially 

for samples at lower PL peak energy. The smallest FWHM value measured is 7.1 meV at 

0.606 eV. Our FWHM values are comparable to those reported for layers grown by MBE [ 1 13. 

For GaInAsSb grown by LPE, a FWHM value of 9 meV at 0.587 eV (21 12 nm) was reported 

~ 4 1 .  

3.4 Electrical properties 

The carrier concentration and mobility were measured from GaInAsSb layers grown on 

SI GaAs substrates because SI GaSb substrates are not available. Since the lattice mismatch 

between GaInAsSb (lattice matched to GaSb) and GaAs is 896, misfit dislocations are generated 

and propagate through b e  GaInAsSb epilayer [25,26]. These defects can be electrically active 

[27-291, but can be mitigated by the growth of a buffer layer [28,29]. For evaluations performed 

in this study, a GaSb buffer layer was first grown on the GaAs substrate at 550°C at a growth 

rate of -1 pm/h. 

3.4.1 Undoped GaInAsSb 

The electrical properties measured at 300K of nominally undoped 

Ga0.84In0.1~As0.12sb0.8~ layers grown at 550°C are shown in Fig. 6 as a function of GaSb buffer 

layer thickness. SI GaAs substrates (100) 2" toward (1 10) were used. All layers are p-type with 

hole concentration (mobility) decreasing (increasing) with GaSb buffer layer thickness. Without 

a buffer layer, the hole concentration is as high as 5 x ~ m - ~ ,  and decreases by an order of 

magnitude when the buffer layer is 0.4 pm or greater. The mobility is as low as 90 cm2N-s 

without the buffer compared to 430 and 560 cm2/V-s with a 0.4 and 0.8-pm-thick GaSb buffer 

layer, respectively. The residual hole concentration is almost 2 times lower than that for our 

GaInAsSb layers grown at 575°C 1171. Considerably higher hole concentration (2 to 5 x 

1016cm-3) and lower hole mobility (220 to 320 cm2N-s) values were recently reported for 

GaInAsSb grown with TMGa, TMIn, arsine, and TMSb [29]. For GaInAsSb layers grown by 
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MBE, the hole concentration was reported to be 4 to 5 x 1016 ~ m - ~  and mobility to be 

254 cm2/V-s [30]. 

3.4.1 n- and p-Type Doping 

For doping studies, Gao.87Ino.l3Aso.l2Sb0.88 layers were grown on a 0.4-pm-thick 

undoped GaSb buffer layer on SI GaAs substrates, (100) 2" toward (110) or (100) 6" toward 

(1 1 l)B. Figures 7a and 7b show results plotted as a function of the dopant mole fraction for p- 

and n-type layers, respectively. The hole concentration ranges from 6.3 x 1016 cm-3 to 1.7 x 

10l8 ~ m - ~  for DMZn mole fraction 7.5 to 80 x It is 1.5 to 1.6 times greater for layers 

grown on (100) substrates with a 6" toward (1 1 l)B misorientation compared to the 2" toward 

(1 10) misorientation. These results suggest that there is a preferential incorporation of Zn for the 

6" toward (1 1 l)B misorientation. For n-type GaInAsSb, the electron concentration ranges from 

2.3 x 1017 cm-3 to 2.3 x 1018 cm-3 for DETe mole fraction 5 to 80 x 10-9, and is 0.86 to 0.9 

times lower for the 6" toward (111)B misorientation compared to the 2" toward (110) 

misorientation. 

t 

The 300K electrical properties of p- and n-doped Gal-,In.AsySb l-y (x-0.13, y-0.12) are 

summarized in Figs. Sa and 8b, respectively. With one exception, the data are plotted for 

GaInAsSb grown on a 0.4-pm-thick buffer layer (see Fig. 8a). The hole concentration ranges 

from 4.4 x 1015 to 1.7 x 1018 cm-3 with mobility values between 560 and 180 cm2N-s, 

respectively. The electron concentration ranges from 2.3 x 1017 to 2.3 x 1OI8 cm-3, with 

corresponding mobility values between 5208 and 2084 cm2N-s, respectively. The mobility 

values are likely to be an underestimate of true values, since the mismatch is significant, and we 

have not tried to optimize the GaSb buffer layer growth. Although there is extremely limited 

data for GaInAsSb electrical properties [5,17,29,30], we believe these results are a significant 

improvement over results reported previously. 

.. 
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4. Conclusions 

GaInAsSb layers were grown by OMVPE using TEGa, TMIn, TBAs, and TMSb at 525, 

550, and 575°C. The In distribution coefficient is temperature dependent, while the As 

distribution coefficient is temperature independent. The surface morphology of these layers 

depends on V/III ratio, substrate misorientation, growth temperature, and alloy composition. 

Mirror-smooth surface morphology could be obtained for alloys with cutoff wavelengths 

between 2 and 2.4 pm. For GaInAsSb grown on (100) 2" toward (1 10) GaSb substrates, the 

surface morphology and low temperature PL properties improve when the growth temperature is 

reduced from 575°C to 550 and 525°C. Reducing the In content also improves morphology. 

GaInAsSb epilayers &-own on (100) 6" toward (1 1l)B GaSb substrates have superior 

morphology and PL properties compared to layers grown on (100) 2" toward (110) GaSb 

substrates. The FWHM values of 4K PL spectra are lower than values previously reported and 

the smallest value measured is 7.1 meV at 0.606 eV. The electrical properties of GaInAsSb were 

measured for layers grown on SI GaAs substrates. Incorporation of a GaSb buffer layer 

improves the electrical properties and GaInAsSb layers containing a GaSb buffer layer of 0.4- 

pm-thick or greater have a hole concentration of -5 x 1015 ~ m - ~  and hole mobility of - 430 to 

560 cm2/V-s. GaInAsSb was doped p-type in the range 1016 to 1018 cm-3 with DMZn, and n- 

type in the range 1017 to 1018 cm -3 with DETe. 
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Figure Captions 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Surface morphology of GaInAsSb epilayers grown on (100) GaSb substrates 
misoriented 2" toward (1 10) at 575°C and various V/III ratios. 

Surface morphology of GaInAsSb epilayers grown at 550°C on (100) GaSb 
substrate with various substrate misorientations and V/III ratio of 1.25. 

Distribution coefficients of (a) In and (b) As for GaInAsSb grown nominally lattice 
matched to GaSb at 525°C (open squares), 550°C (solid circles), and 575°C (open 
circles). Data plotted for layers grown on (100) 2" toward (1 10) GaSb substrates 
and VDIT ratio range between 1.1 and 1.3. 

Photoluminescence spectra measured at 4K of GaInAsSb grown on (100) 2" toward 
(1 10) GaSb substrates, layer A, and (100) 6" toward (1 11)B, layer B. Layers were 
grown at 550°C. 

Photoluminescence FWHM measured at 4K of GaInAsSb layers grown on GaSb 
substrates. Solid circles this work, open squares from reference 15, and open 
triangle frgm reference 5. 

Electrical properties measured at 300K of nominally undoped 
Ga0.86In0.14As0.12sb0.88 grown at 550°C as a function of GaSb buffer layer 
thickness. 

Doping studies for (a) p-GaInAsSb and (b) n-GaInAsSb grown at 550°C. 
Concentration measured at 300K for layers grown on (100) semi-insulating GaAs 
substrates with 2" toward (1 10) misorientation (closed circles) and 6" toward 
(1 1 l)B misorientation (open circles). 

Electrical properties measured at 300K of (a) p-Ga0.87In0.13As0.12Sb0.88 and (b) n- 
Ga0.87Ino.13 Aso.12Sb0.88. Closed circles represent data with 0.4-pm-thick GaSb 
buffer layer. Open circle for 0.8-pm-thick buffer layer. 
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Table 1. Photoluminescence of GaInAsSb 

Sample 

404a 
404b 
413 
416b 

392a 
391b 
396a 
396b 

4K PL peak 
(nm> 

2082 
2042 
2030 
2047 

2432 
2138 
1875 
1865 

300K PL peak 
(nm) 

2296 
2276 
2263 
2267 

2396 
2355 
2100 
2080 

11.2 
9.5 
8.1 
7.1 

45 
16.4 
15.4 
9.6 

Substrate Growth 
temp ("C) misoriention 

525 
525 
525 
525 

550 
550 
550 
550 

2"( 1 10) 
6"( 1 1 1)B 
2"( 110) 
6"( 1 1 l)B 

2"( 110) 

2"( 110) 
6"( 11 l)B 

6"( 1 1 l)B 
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