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ABSTRACT 

GaSb-based semiconductors are of interest for id-infrared optoelectronic and high-speed 
electronic devices. Accurate determination of elec rical properties is essential for optimizing the 
performance of these devices. However, electrical characterization of these semiconductors is 
riot straightforward since semi-insulating (SI) Gas substrates for Hall measurements are not 
available. In this work, the capability of Raman sp ctroscopy for determination of the majority 
carrier concentration in n-GaInAsSb epilayers was investigated. Raman spectroscopy offers the 
advantage of being non-contact and spatially resol ed. Furthermore, the type of substrate used 
for the epilayer does not affect the measurement. owever, for antimonide-based materials, 
traditionally employed Raman laser sources and de ectors are not optimized for the analysis 
wavelength range dictated by the narrow band gap f these materials. Therefore, a near-infrared 
Raman spectroscopic system, optimized for antim de-based materials, was developed. 

Gao.esIno.lsAso.l3Sbo.s7 epilayers were grown by organometallic vapor phase epitaxy with 
doping levels in the range 2 to 80 x 1017 ~ m - ~ ,  as m asured by secondary ion mass spectrometry. 
For a particular nominal doping level, epilayers we @ e grown both lattice matched to n-GaSb ' 
substrates and lattice-mismatched to SI GaAs subsyates under nominally identical conditions. 
Single magnetic field Hall measurements were perqormed on the epilayers grown on SI GaAs 
substrates, while Raman spectroscopy was used to easure the carrier concentration of epilayers 
grown on GaSb and the corresponding SI GaAs su strates. Compared to Hall measurements, 
F!aman spectra indicated that the GaInAsSb epilay rs grown on GaSb substrates have higher free 
carrier concentrations than the corresponding epila B ers grown on SI GaAs substrates under 
nominally identical conditions. This is contrary to he assumption that for nominally identical 
growth conditions, the resulting carrier concentrati n is independent of substrate, and possible 
mechanisms will be discussed. f 
INTRODUCTION 

GaSb-based group III-V semiconductors are of 'nterest for mid-infrared sources and 
detectors and low-power, high-speed electronic de ices [l]. Of this class of materials, 
Ga~-,In,As,Sb~.,, with a composition-dependent di ect energy gap in the wavelength range from 
1.7 pm (0.726 eV) to 4.2 pm (0.296 eV), has attrac ed interest for optoelectronic devices 
operating in the mid-infrared, e.g., lasers, photodet i ctors, and thennophotovoltaic devices [2]. 
Accurate determination of electrical properties is egsential for optimizing the performance of 
GaInAsSb devices. However, electrical characteri ation of GaInAsSb devices grown lattice- 
matched to GaSb is complicated by the scarcity of emi-insulating (SI) GaSb substrates for Hall 
effect measurements. In addition, there is a relativ ly small energy difference between the r and 
L, conduction band minima in GaSb and many Gas i -based alloys with GaSb-rich compositions. 
As a result, multiple conduction band minima are occupied at room temperature at intermediate 
doping levels and even at low temperatures at high poping levels. Multiple carrier type analysis 



of single field Hall effect measurements requires a 
mobility of all carrier types, information which is 
multiple carrier types makes unambiguous interpre ation of single magnetic field Hall effect 
rneasurements difficult. So, alternative methods o determining electrical properties would be 
prticularly useful for GaInAsSb-based device dev lopment. 

mobilities in compound semiconductors [ 31. Ram$ spectroscopy is attractive for such 
investigations because this technique is non-contac and spatially resolved. However, to the 
authors' knowledge, Raman spectroscopy has not et been employed to determine carrier 
concentrations in n-type GaInAsSb. This could be ue in part to the difficulty in employing the 
more traditional Raman spectroscopic systems, e.g., based on visible laser wavelengths, to probe 
bulk carrier properties of antimonide-based materi 1s. The difficulty arises because the optical 
penetration depth is shallow in antimonide-based aterials for visible wavelengths, e.g., a 
ca. 20 nm penetration depth in Gao &h) 15As0.14SbO 86 for 514.5 nm radiation [4]. In addition, a 
surface space charge region (SSCR) that can be of omparable thickness to the penetration depth 
of visible radiation typically exists on the surface o antimonide-based materials. For example, 
an accumulation layer estimated to be 15 nm thick : xists on surfaces of p-GaSb with a bulk hole 
concentration of ca. 4 x 10l6 cm-3 [5] while a depletjion layer estimated to be 15 nm to 20 nm 
thick exists on surfaces of n-GaSb with a bulk elecwon concentration of ca. 2 x 1OI8 cm-3 [6 ] .  
Hence, utilization of a less strongly absorbed excitqtion wavelength is necessary to better 
investigate bulk carrier properties in GaSb-based materials. 

In this work, the capability of Raman spectroscqpy for determination of the majority carrier 
concentration in n-GaInAsSb epilayers was investiqated. A near-infrared Raman spectroscopic 
system was developed and used to determine Carrie properties in n-GaInAsSb epilayers grown 
under nominally identical conditions on GaSb and I GaAs substrates. This allowed the direct 
comparison of carrier densities in epilayers grown On both substrates, a comparison that is 
impossible using single magnetic field Hall effect Measurements. 

owledge of the ratio of the electron 
t typically available. Hence, the presence of 

Raman spectroscopy has long been used to det i; rmine carrier concentrations and, less often, 

1 
EXPERIMENTAL DETAILS 

Gao.85Ino.l5Aso.l3Sb~.8~ epitaxial layers were gro on both n-GaSb and semi-insulating (SI) 
GaAs substrates, (001) miscut 6" toward (1 -1 l)B. olution trimethylindium, triethylgallium, 
tertiarybutylarsine, and trimethylantimony were us d as precursors. Diethyltellurium (DETe), 
10 ppm diluted in H2, was used as the n-type dopant and the DETe mole fraction ranged from 
5 x 1 0-9 to 100 x 1 O'9. The layers were grown in a reviously described vertical rotating-disk 
OMVPE reactor [7] with H2 carrier gas flow rate o 10 slpm; reactor pressure of 20 kPa 
(150 Torr); and susceptor rotation rate of 250 rpm. GaInAsSb epilayers were grown at 525 "C 
and a V/III ratio of 1.8. The alloy composition of d aInAsSb corresponds to a 300 K 
photoluminescence peak emission at 2.3 ym for epilayers that are nominally lattice-matched to 

r 
GaSb. n-GaInAsSb was grown on an 
deposited on the n-GaSb or SI GaAs 
layer deposition to reduce the 
The buffer layer thickness 
0.4 ym for 
contribution of 

doped WID) GaSb buffer that was first 
"C. Growth was interrupted after the buffer 
and subsequently n-GaInAsSb was grown. 

on n-GaSb substrates, while it was 
layer was used in order to reduce the 
the lattice mismatch between the 



GaInAsSb and GaAs [2]. UID GaInAsSb epilayer are lightly p-type. The n-doped epilayers are 

Carrier concentration and mobility were dete ined for n-GaInAsSb grown on SI GaAs 
substrates. The determinations were based upon v der Pauw Hall effect measurements 
performed at 300 K using a 10 KG field. The at0 ic Te concentration was determined for 
epilayers grown on both SI GaAs and n-GaSb subs ates, and was measured by secondary ion 
rnass spectroscopy (SIMS) using a Cs' primary io beam. Calibration of the absolute Te 
concentration is based on GaInAsSb standards that were ion implanted with Te. 

Raman spectroscopic measurements were perf rmed at (nominally) room temperature in a 
backscattering geometry described by z(x,  y)Z, w ere x, y ,  z, and Z denote [loo], [OlO], [OOl], 
and [ O O i ] ,  respectively. Raman scattering was ex ited using 752.5 nrn radiation from a krypton 
ion laser. The penetration depth of 752.5 nm radia 1 ion in Gao.sslno.15A~0.14Sb0.86 has been 

Z! pm to 3 pm in thickness. 

reported to be 100 nm [4]. It is assumed that this i approximately the same penetration depth of 
752.5 nm radiation in Gao.sslno.l~As0.13Sb0.87 (the c d mposition investigated in this work). A 
holographic laser bandpass filter was used to remoGe laser plasma lines. All Raman spectra were 
obtained using appropriate instrumentation that inc uded a 752.5 nm holographic notch filter 
(1 50 cm-' nominal spectral edgewidth and 6.0 nom nal optical density), a dichroic sheet 
polarizer, a bandpass filter (optimized to pass radia ion in the ca. 750 nm to 1 100 nm wavelength 
range and used to reduce potential interference fro reentrant light), a 0.5 m focal length, i76.5 
a.perture ratio imaging spectrograph equipped with I a 1200 groove/mm grating blazed at 500 nm, 
and a 1024 x 128 pixel array (26 pm x 26 pm squqe pixels) back-illuminated, thermo- 
electrically cooled (to -89 "C), deep depletion char e coupled device camera system. The 
instrumental bandpass (FWHM) was ca. 3.3 cm-'. ess than 75 mW of laser radiation was 
focused with a spherical lens on to the specimen to produce an approximately 230 pm diameter 
spot. All Raman intensities were corrected for the avelength-dependent response of the optical 
system using a white-light source of known relative irradiance. E 
INSCUSSION 

Figure 1 shows the Raman spectra of UID and oped GaInAsSb epilayers grown on GaAs 
substrates with the carrier densities determined fro Hall effect measurements indicated. 
Similar spectra were obtained for the GaInAsSb ep layers grown on GaSb. The UID GaInAsSb 
spectrum exhibits two intense peaks at ca. 230 cm-' and ca. 246 cm-l. The ca. 230 cm-' peak is 
attributed to a combination of the GaSb-like and 
modes while the ca. 246 cm-' peak is attributed to t e GaAs-like LO phonon mode [8]. The 
weaker features at ca. 200 cm-' and lower wavendbers are the rotational Raman scattering from 
oxygen and nitrogen in air. It is apparent from F 
modifies the appearance (relative intensity and F 
modifications are due to a number of factors. In 
SSCR s thinner than the optical penetration de 
the SSCR and the bulk. The scattering from a 
observed from an epilayer in which no free c 
In the bulk, the fkee electrons can interact wi 
phonon-plamson modes of mixed phonon 
bulk will involve these coupled phonon-pl 
Although, to the authors' knowledge, no observatiop of the coupled modes in quaternary 

s-like longitudinal optic (LO) phonon 

of the LO phonon modes. These 
e of compound semiconductors with 

that the presence of free carriers 

xpects a superposition of scattering from 
layer SSCR approximates the scattering 
resent, Le., similar to the UID spectrum. 
0 phonon modes resulting in coupled 

cter [3]. Raman scattering from the 
s the signal of interest in this work. 
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Figure 1. Raman spectra of UID and doped 
The carrier density determined from the Hall 

sSb epilayers grown on GaAs substrates. 
is indicated. The spectra are 

offset on the vertical scale for clarity. 

compounds have been reported, one might reasona ly expect to identify up to four coupled 
modes, depending on the lattice dynamics of the p icular alloy. In addition, the coupled modes 
are often observed near the LO phonon mode wave umbers in low-effective mass and low- 
phonon energy materials [9], i.e., the case for GaI sSb. Hence, the relatively small 
wavenumber difference between the various LO ph 1 non modes and the likelihood of the coupled 
modes being observed at wavenumbers near those f the LO phonon modes make it impossible 
to resolve all phonon and coupled modes. Thus, it i difficult to definitively identify the origin 
o I all of the trends observed in the spectra in Figure 1. An important exception is the behavior of 
the mode denoted L+ in Figure 1 which is the highe t-frequency coupled mode. The L+ mode is 
relatively well resolved, especially at higher doping levels, and the L+ wavenumber increases 
with increasing electron density. Hence, the L wa enumber can be used as a qualitative 

Figure 2 shows the L+ wavenumber obtained fr spectra of n-GaInAsSb grown on GaSb 
and SI GaAs substrates plotted as a function of DE e mole fraction in the reactor. Error bars are 
plotted but not visible on this scale. The error in th L+ wavenumber is taken to be W YO of the 
pt:ak FWHM. As shown in Figure 1, the L+ mode avenumber increases with increasing DETe 
mass flow, indicating a higher carrier density at hig h er DETe mass flow (dopant density). In 

mieasurement of electron density. 

addition, the L+ mode wavenumber is observed at a ponsistently higher wavenumber for 
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Figure 2. The L+ wavenumber obtained from spectra of n-GaInAsSb grown on GaSb substrates 
(e) and SI GaAs substrates ( 0 )  plotted as a functiod of DETe mole fraction in the reactor. 

epilayers grown on GaSb vs. GaAs substrates, indiqating a higher electron density in epilayers 
grown on GaSb vs. GaAs substrates. 

As shown in Figure 2, a higher electron density was observed in epilayers grown on GaSb vs. 
GaAs substrates. A number of factors could contribute to this difference. One possibility is that 
dopant incorporation is different on the different substrates. However, SIMS results show no 
significant difference in dopant density on the different substrates. Assuming that dopant 
activation is the same on both substrates, it seems likely that the difference in carrier 
concentrations is related to the lattice mismatch betpveen GaInAsSb and GaAs, a mismatch that 
does not exist between GaInAsSb and GaSb. Henct, the difference in carrier concentrations is 
attributed to electrically active defects originating ip the epilayer-buffer layer-GaAs substrate 
interface region. The observation of a difference in epilayer carrier densities on different 
substrates is contrary to the assumption often madelthat for nominally identical growth 
conditions the resulting GaInAsSb carrier concentration is independent of substrate. 

Qualitative comparison of carrier concentrationb from the GaInAsSb Raman spectra is 
relatively straight-forward, however, quantitative cqmparison is more difficult. Only a brief 
description of the quantitative analysis will be giveh since a detailed description is not possible 
in the format of this report. The quantitative analyqis involves simulating a Raman spectrum 
using the expression shown in equation 1 for the Raman scattering intensity, I, of the coupled 
phonon-plasmon mode system as a function of the dcattering wavevector, q, and wavenumber, w: 

Where 4q, w) is the dielectric function. To describe the lattice contribution to the dielectric 
fimction, the GaInAsSb lattice was approximated by the weighted contributions fi-om the four 
binary constituents (GaAs, I d s ,  GaSb, and InSb) qsing the expression for a 4-mode system 
described in ref. [ 101. To describe the free electron contribution to the dielectric function, the 



modified hydrodynamical model described in ref. 111, modified to include two carrier types, 
was used. Materials properties were obtained fro the literature, althougth many GaInAsSb 
materials properties are not well established. The esults from the simulation using equation 1 
were then compared to the experimental spectrum i d a global search minimization was 
performed to minimize the sum of the residuals sq ared. For these simulations, the only two fit 
parameters were the Fermi energy and the plasmo damping constant, both contained in the 
expression for the free electron contribution to the ielectric function. For a resulting Fermi 
energy, the total carrier density in the epilayer was then calculated. The electron densities 
determined from the spectral fits were inconsistent with the SIMS measurements. This indicates 
that a more sophisticated expression for the free el ctron contribution to the dielectric function is 
needed for the quantitative determination of electr 1 n density, probably one that includes Landau 
damping or a better description of conduction band non-parabolicity. 

CONCLUSIONS 

Raman spectroscopy is sensitive to electron de sity in n-type GaInAsSb. Raman 
spectroscopic measurements indicate that electron ensity is higher in GaInAsSb epilayers 
grown on GaSb substrates vs. SI GaAs substrates. The difference in carrier densities is attributed 
to electrically active defects originating in the epil yer-buffer layer-GaAs substrate interface 
region. The observation of a difference in epilayer carrier densities on different substrates is 
contrary to the assumption often made that for no inally identical growth conditions the 
resulting GaInAsSb carrier concentration is indepe dent of substrate. The electron densities 

si more sophisticated spectral model is needed for the quantitative determination of electron 
density from Raman spectra. 

determined from the spectral fits were inconsistent I with the SIMS measurements, indicating that 

ACKNOWLEDGEMENTS 

This work was sponsored in part by the Dep ent of Energy under Air Force Contract 
NO. F19628-00-C-0002. 

REFERENCES 

2!. 

4. 
1 
-1. 

51. 
6.  
7'. 

a' 
9. 

Dutta, P. S., Bhat, H. L., and Kumar, V., 
Wang, C. A., J.  Cryst. Growth 191,631 
Abstreiter, G., Cardona, M., and 
Munoz, M., Wei, K., Poll&, F. 

Dornhaus, R., Farrow, R. L., 
Kauschke, W., Mestres, N., 
Wang, C. A., Choi, H. K., 

Jaw, D. H., Cherng, 
Cusco, R., Artus, L., 

(2000). 

Phys. 81,5821 (1997). 

in Applied Physics 54,5 (1984). 
C. A., and Charache, G. W., J.  

Commun. 35,123 (1980). 
36,7469 (1987). 

147, 193 

Appl. Phys. 87, 1780 (2000). 

035210 (2002). 



IO. 

U 1.  

Vorlicek, V., Moiseev, K. D., Mikhailova, 
Simecek, T., Cryst. Res. Technol. 37,259 ( r 002). 
Ibanez, J., Cusco, R., and Artus, L., Phys. $utus Solidi B 223,715 (2001). 

. P., Yakovlev, Y. P., Hulicius, E., and 


