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Temperature dependence of the energy and broadening parameter of the fundamental band gap
of GaSb and Ga_,In,As,Sh,_,/GaSb (0.07<x=0.22, 0.055y=0.19 quaternary alloys
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We have measured the temperature dependence of the ¢&gdy) | and broadening parametdry(T) ] of
the fundamental gap for GaSb and four samples qf @a,As,Sh, _, (lattice matched to Ga$hising infrared
photoreflectance. The parameters that describe the temperature variation of the (ereugyng thermal-
expansion effeciswere evaluated using both the semiempirical Vashni relation as well as an equation that
incorporates the Bose-Einstein occupation factor. The behavibp@F) was described by a Bose-Einstein-
type equation.

[. INTRODUCTION transitionEq+ Ay between 4 and 300 KRef. 18§ and E,
+Aqy. E{,E;+A; between 83 and 300 K.
The quaternary alloy Ga,In,As,Sh; _, lattice matched In this work we present the temperature dependence of

to GaSb is a narrow-band-gap semicondu¢ted.3—-0.7 eV Eo(T) and the related broadening parameftéin(T)] for

at room temperatujewith a number of applications includ- GaSb and four GaIn,As,Sh;_,/GaSb (001) (0.07<x

ing thermophotovoltai¢TPV) cells? infrared light-emitting <0.22, 0.05sy<0.19 quaternary alloys, using infrared-
diodes? and lasers 8 as well as photodetecto?s’ The tem-  photoreflectancélRPR) between 15 and 377 K. The four
perature dependence of the fundamental band[§apT)]  duaternary samples have compositions of=0.07, y

and the broadening parametdfo(T)] are of interest for =0.09, (x=0.09, y=0.07, (x=0.12, y=0.11, and &
basic reasons as well as for various applications. The temi=0-22,y=0.19. The band gap of the quaternaries decreases
perature dependence of the energy and linewidth of eledVith increasing In composition. In narrow-band-gap materi-

tronic transitions give important information about the gls the applications of photoreﬂgct_ar(c_ﬁé?) have been lim-
electron-phonon interactions, excitonic effects, et&!? ited by the low values of the built-in field. However, to our

) ) . o knowledge there has been no study of the PR applicability
From an applied point of view, the ability to measure theIimits to these narrow-band-gap materials. During this study

band. gap at temperatures corresponding to device operatiqlge were able to test the usefulness of PR for these materials.
cpndmons, €.g. BOQ—SSOKfor the TPV celI;, makes it POS=rhe temperature dependence of band gaps has been de-
sible to model certain semiconductor properties at these ten: ribed by equations involving three parameters, such as the

peratures. For example, the absorption coefficient of the funyrshnj expressidi or one containing the Bose-Einstein oc-
damental gap at these conditions can be evaluated using OUfipation factor for phonons and involving the electron-

previous ellipsometric results on Ga$Ref. 13 and Galn-  5yerage phonotacoustical and opticainteractiont*2 By
AsSb (Ref. 14 in conjunction with a comprehensive model (54ing into account the component of the energy gap shift
for the dielectric function which involves both discrete and y,e to the thermal-expansion coefficient, we have obtained
continuous excitonic effects at tHgy/Eg+ Ao andE1/E;  revised parameters which are directly related to the electron-
+4, critical points: o average phonon interaction in the latter case. A somewhat
However, in spite of its significance, few works on the gimjjar Bose-Einstein-type equation, involving the electron-
temperature dependence of the fundamental band gap fgngitudinal optical(LO) phonon atg~0 (Frohlich interac-

GaSb have been reported and none for these quaternary Coffyn) has been used to fit the temperatures dependence of the
pounds. An early study oEy(T) of GaSb was done by broadening function®!2

Joullie et al® using Schottky barrier electroreflectance be-
tween 30 and 300 K. However, the data were fit using only a
linear term which produced an overestimation of the value of
Eo(0), which is frequently quoted in the literatuté There The GaSb and the Ga,In,As,Sb, _, epitaxial layers, lat-
are reports of the temperature dependence of the higher lyingce matched to GaSi®01) substrates, were grown by liquid

Il. EXPERIMENTAL DETAILS
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TABLE I. Carrier concentration and type as well as lattice-
mismatch data of the studied samples.

Carrier

concentration/type Aala
Sample (10*%6cm3) (1074

GaSbh 1748 0

G&y 9dNg.0ASy. 055,95 6/pb 0

G&y.911Ng.0AS0.0751h.93 5/Pb 5.1

Gay gdNg.12AS0.1151h 89 4n? 2

Gay 7dNg 2AS0. 1651 .81 2/Pb —3.5
aTe doped.

®Nominally undoped.

phase epitaxyLPE) in a graphite sliding boat using a Pd-

605 °C. This composition is at the edge of the miscibility
gap, which is around ok=0.23 for the(001) orientation®*
The solid composition was determined by electron micro-
probe analysis and the lattice mismatch evaluated by double
crystal x-ray-diffraction measurements. The nominally un-
doped layers arp type while then-type layers are Te doped.
The Hall measurements for tigetype films were performed

teristics only up to 150 K so that, at higher temperatures pa
of the current is conducted by the substrate producing a non-
reliable carrier measurements. For tirgype films the exis-
tence of gp-n junction provides reliable measurements even

at room temperature. The GaSb substrates employed have a
whereag is the strength of the electron-average phonon in-

net carrier concentration equal to<20cm® at 77 K. The
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X ’ ] FIG. 1. The solid lines are the IRPR spectra for samées
diffused hydrogen atmosphere. The starting materials wergasy (b) Ga, gdng 12480 115 g6 and (c) Gay -dNo 27250, 1Sk 51 at

(6N)Ga, In, Sb, and undoped GaAs. The growth temperagyee different temperatures. The dashed lines are the least-squares

tures were in the range of 520-530 °C except for the layefits to a line-shape function yielding t&,(T) values indicated by
with the highest In solid composition, which was grown atarrows. The curves have been displaced for clarity.

The Varshni equation is given &y

2

Eo(T)=Eo(0)~ o

2ap

Eo(T)=Eo(0)~ grrp 1T

@

whereEq(0) is the band gap &t=0 K while « andg are the
- . so-called Varshni coefficients. The Bose-Einstein-type ex-
at 77 K because the substrates have semi-insulating Characfession, which involves electron coupling to an average

honon(optical and acousticglis given by12

@

carrier concentration and type as well as the lattice-mismatcteraction anddg is the average phonon temperature.

The dashed and solid lines in Fig. 2 are least-squares fits
The basic PR experimental setup is described elsevifiere to Egs.(1) and (2), respectively. Listed in Table Il are the

Prior PR investigations have been reported to only about 0.@btained values oEy(0), «, B, ag and @ for the five

eV.22 To extend the range of our measurements we employesamples.

are summarized in Table I.

a monochromator with a 300-line/mm diffraction grating
(blazed at 2um), a 170 W tungsten-halogen lamp, a thermo-
electrically cooled InAs detector operated aB0 C, and
silica lenses. He-Ne lasera £ 632.8 nm with intensities of

5 and 10 mW were used for temperatures below and above
150 K, respectively.

IIl. EXPERIMENTAL RESULTS AND ANALYSIS

The solid lines in Figs. (B)—1(c), are the experimental
IRPR spectra for GaSb, and quaternary samples

Gap gdNp.1AS 115k .80 and G 7dNo.2ASp. 105k g1, respec-
tively, at three different temperatures. The curves for differ-

ent temperatures have been displaced for clarity. The dashed

lines are least-squares fits to a line shape which contains
Lorentzian broadened electro-optic functidAgjelding the
values ofEy(T), designated by the arrows, as welllagT).

Representative error bars are shown. The quaB{{il) was
fit using both the VarshA and Bose-Einstein-typ&’? ex-
pressions.

m Expt.
------- Varshni Fit

GaSb

(x=0.07,y=0.05)

[(x=0.12,y=0.11)

(x=0.22,y=0.19)

Bose-Einstein Fit |

200 300

T(K)

0 100

400

- : ATTOV ) FIG. 2. The solid squares are the experimental valuds,(T)
Displayed by the solid squares in Fig. 2 are the obtainegyr the different samples. The, y) notation represents the compo-
values of Eo(T) for GaSb and all the quaternary samples.sition of the quaternary samples. Representative bars are shown.

The dashed and continuous lines are the fits according to the
Varshni relation[Eq. (1)] and the Bose-EinsteifEq. (2)] expres-
sions, respectively.
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TABLE II. Values of the Varshn[Eq. (1)] and Bose-Einstein-typeEq. (2)] fit parameters for GaSb and
the four quaternary samples.

Sample Varshni fit Bose-Einstein-type fit
Eo(0) a B Eo(0) ag Og
(eV) (10 *eVIK) (K) (eV) (meV) (K)
Gasb 0.802:0.005 5.3:0.4 23440 0.809-0.005 355 175+30

GayodNo oAy oShhes  0.721+0.005  5.2:04  274:40 0.721-0.005 385 198+30
GayoilNo0ASooShhos 0.683:0.005  3.9-04  250:40 0.682£0.005 275 186+30
GaygdNo1ASy 1St ge  0.641+0.005  4.704 27140 0.641-0.005 32-5 188+30
Gay7dNo2ASo1Shhg,  0.594:0.005  4.0:04  290:40 0.593-0.005 26-5 191+30

The temperature shift oEy(T) contains contributions and alloy scattering effects;, o is the electron-LO phonon
from both thermal-expansion and electron-average phonogoupling constantFrohlich interaction and ® 4 is the LO
effects. Therefore, in order to obtain parameters directly rephonon temperature.
lated to the latter interaction, it is necessary to eliminate the |n Fig. 4 the closed squares are the experimental values of
effects of the former. The energy shifE, due to the ther- T (T) for the GaSb and Gadng »ASy 1Sy 51 SAMples, re-

mal expansion can be written’ds spectively. For clarity the corresponding data for the other
; samples are not shown. Because of the error bars on our data
_ it was necessary to fix the parameéyo in order to obtain
AEs=—3a T)dT, 3 ! -€sS '© 0
th Hfo () @ the two significant quantitiek4(0) andI'| o by means of a

least-squares fit of E(7). The estimation 0f®, o for the
whereay, is the hydrostatic deformation potential ang(T)  quaternary samples has been done using the interpolation
is the linear-expansion coefficient. In order to remove thescheme given by Eq6), the corresponding binary values
thermal-expansion contribution & (T) we rewrite Eqs(1)  were obtained from Ref. 25. The solid lines in Fig. 4 are
and(2) as™* least-squares fits to Eq7). Listed in Table IV are the ob-
tained values of"((0) andI’| 5 as well as®, o (fixed).

arTZ
Eo(T)~AEn=E((0) = g (@)
IV. DISCUSSION OF RESULTS
, 2ap Mannogian and Woolléy have suggested that after the
Eo(T)—AEn=Eo(0)— W' ) thermal-expansion term is removed the paramgteof Eq.
(4) is related to the Debye temperaturé®{) by g’
respectively. =3/80. Listed in Table Ill are ® for GaSb and the four

While a(T) and the hydrostatic deformation potential quaternaries, the latt€é, being evaluated using E¢6) and
(a) for GaSb are known, in order to evaluated these quantithe binary values from Refs. 25 and 26. There is good agree-
ties for the quaternary compounds we used an interpolatioment between the values gf and20,.
scheme based on the four binaries: From the high-temperature limit of Eq&4) and (5) the
parameterse’, ag, and @y are related bya'=2ag/0j.
Qqua(xiy):XyQInAs+X(1_Y)QInSb+ Y(1—X)Qgaas

+(1-X)(1-Y)Qgast (6) 0.8

whereQ;=ay,; or & (i=quat, InAs, ety The data for the
binary compounds were taken from Refs. 25 and 26. [
The solid and open symbols in Fig. 3 ak(T) and 07
Eo(T)—AE(T), respectively, for the GaSb and <
Ga) 7dNg 2ASy 105k, g1 Samples. For clarity we show only )
these two materials. The dashed and solid lines represent | °
least-squares fits to Eq&) and (5), respectively. The data 06}
have also been fit using E@4). The obtained values for
Ey(0), ag, Of, a’, andB’ are presented in the Table III.
The temperature dependence of the linewidthl width .
at half maximum(FWHM)], can be expressed’as? 0.5 it

Ga In ASO.1QSbO.81

0.78 " '0.22

200 300 400
T (K)

1_‘LO

Fo(T)=Tu(0)+ exp 0o/ -1

@) FIG. 3. The solid and open symbols repredeg(tT) values with

' . ' ~_ and without the thermal-expansion contribution, respectively. Rep-
whereI'((0) is the broadening mechanism due to intrinsicresentative bars are shown. The dashed and continuous lines repre-
lifetime, electron-electron interaction, impurity, dislocation, sent the fits according to Eq&) and (5), respectively.
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TABLE Ill. Values of the Varshn[Eg. (4)] and Bose-Einstein-tygeeq. (5)] fit parametergafter removal oA Ey,) for GaSb and the four
quaternary samples. Also listed a3@ and 225/04 .

Sample Varshni fit Bose-Einstein-type fit
Eo(0) o' B’ 3§00 Eo(0) ag 05 2ap/0p
(ev) (10" 4 eVIK) (K) (K) (eV) (meV) (K) (10 % eVIK)
Gasb 0.812:0.005 5.4-0.4 113+40 100 0.80¢0.005 62-5  217+30 5.7
G&y 9dNg.0ASp 05khes  0.723+0.005 5.1%+0.4 130+40 100 0.7220.005 495 194+ 30 5.1
G&y.91lNg.0dASe 075 es  0.68410.005 4.2:0.4 122+40 100 0.6830.005 485 215-30 45
GaygdNg.1ASy 115l ge  0.645:0.005 4.70.4 122+40 100 0.6430.005  46-5 196+ 30 4.7
G&y 7dNg2ASy 1091 gr  0.595:0.005 3.9-0.4 130+ 40 100 0.5940.005 3%5  200-30 3.9

Table Il shows that this relationship is indeed satisfied. The=7—-8 meV for GaA$>?*This difference may be due to the

results in Fig. 3 show that the thermal-expansion effect iselatively weak Frblich coupling constantCe in our

responsible for only about 4% of the total band-gap variatiorsamples in relation to the other reported zinc-blende materi-
at room temperature. als, wheré®

The analysis of Joullieet al!® for Eo(T) of GaSb con-
sisted of only a linear fit between 100 and 300 K with a slope
of —3.5x10 “eV/K. Using this value andE, (300 K) Cro
=0.72 eV"1® the extrapolated number isEq(0)
=0.825eV, which is the value frequently quoted in the
literature!” However, Eo(T) for direct gap semiconductors In this equatione.. and e are the high-frequency and the
at low temperatures differs considerably from a straightStatic dielectric constants, respectively. For example, using
line'**2and hencé,(0) has been overestimated by Ref. 16.the data of Ref. 26 we obtaine€g(GaSh/Cr(GaAs
Our value for this parameter, using both the Varshni and the=0.56 andCg(GaSh/Cg(ZnSg=0.30.

1/2
OLo

®

=

€ €p

Bose-Einstein-type equations, is(0)=0.809 eV, which is The band-gap values at room temperature of our sgomples
in agreement with the value of 0.8099 eV obtained fromagree with those presented in Table | by DeWirgeal.
photoluminescence measurements at 2 K. However, neither the relations for the band gap as function

The value ofa[ (5.26+0.4)x 10" *eV/K] for Eq in GaSb ~ of the composition presented by these authors nor the one

reported in this work is in good agreement with those preresented by Wanet al** provide a good description df,
sented by Hwanget al’® («=6.5x10"%eV/K) and lyer forindium compositions higher than 10%. The use of any of

etal’® («=5.5x10*eV/K) for the Eo+A, transition. these relations to determine the composition of rich indium

While our number forg[ (234+40) K] is similar to Hwang films can produce compositions errors up to 5%, including
et al. (230 K) it is somewhat higher than that of Ref. (875  one of our previous reports.
K).

Our values forl' 5 are considerable smaller than those
reported previously for a number of 1lI-\GaAs, InGaA$
and II-VI [ZnSe, CdSe(cubic), ZnCdSé zinc-blende-type In this work we have presented the temperature depen-
semiconductors, except for two measurements [Qh dence of the fundamental band gap and broadening param-

eter of GaSb and four Ga,In,As,Sb; _, alloys between 14

IV. SUMMARY

24 — and 377 K. We have describdeh(T) in terms of both the
2L B Expt. ] Varshni and Bose-Einstein-type equations. As a consequence
I Fit n ! of this analysis we obtained the correct value fy(0)

20} . =0.809 eV for GaSb and the corresponding ones for the qua-
> 18 '_Gao.mlno.zzAso.1gsbo.s1 ] ternaries compounds. In addition, we have separated the
QEJ : ; thermal-expansion and electron-average phonon contribu-
e 1611 ] tions toEy(T) and concluded that the former is responsible
(ot J

14} -

il 1 TABLE IV. Values of the Bose-Einstein-typleeq. (7)] fit pa-

[ ] rameters for GaSh and the four quaternary samples.
10 | i
8 I 1 Sample I'po(meV) T'g@meV) 0, (K)
5 T T R a—T Gasb 10.40.5 7=3 338
GayoilNg oASo oS e 11.8£0.5 9+3 332.9
FIG. 4. The solid squares ar&y(T) for the GaSb and  Gag,gdng1ASo1:Shgy 16.3-0.5 8+3 333.6
Gap 7dNo 2481051y g1 Samples. The solid lines are the fit according  Gg, ,dny ,Asy 1 Shhs;  12.9£0.5 8+3 331.7

to the Bose-Einstein relatiohEq. (7)]. Representative bars are
shown. 3Parameter fixed.
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