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The temperature dependences of the optical absorption edges of semi-insulating GaAs and InP have
been measured from room temperature to 905 °C and 748 °C, respectively, with accuracies of
+1°C at room temperature ant5 °C at 900 °C. The temperature dependence of the optical
absorption edge is adequately reproduced by an Einstein model although the Varshni model gives
an improved fit to the band gap. Finally, the widths of the absorption edges are correlated with
ionicity. © 1997 American Institute of Physids$S0003-695(97)00326-4

Recent developments in optical band-gap thermo<uracy of the temperature measurements, two ¥/pier-
metry*~3 and rapid thermal processing have created a neethocouples were calibrated with a commercially calibrated
for more detailed information on the temperature dependencet—Pt/Rh(13%) thermocouple in a separate furndfanve
of the optical absorption edges of common semiconductoestimate that our temperature measurements are accurate to
substrates, at elevated temperatures. In direct band-gap semid °C at room temperature antd5 °C at 900 °C.
conductors, the optical absorption in the vicinity of the band  The temperature uniformity inferred from the thermo-
gap increases exponentially with photon enétgyrhis ex-  couples was confirmed by comparing the transmission spec-
ponential rise in the absorptidiurbach edggis temperature tra from various positions across the wafer at a fixed tem-
dependent, and is a manifestation of the effect of structurgberature. The transmission measurements were made by
and thermal disorder on the electronic properties offocusing the light from a 100 W halogen lamp at one end of
semiconductors:’ In this letter, we report optical transmis- the furnace tube onto the wafer. The transmitted light is col-
sion measurements of the Urbach edges of GaAs and Inlcted with a lens at the opposite end of the tube and focused
wafers, from room temperature up to 905 and 748 °C, reinto a fiber bundle coupled to a 1/4 m monochromator with a
spectively, a larger temperature range than previousooled InGaAs photodetector. The spectral resolution of the
measurements. In the most frequently cited high- monochromator was 0.9 nm. The transmittance spectra were
temperature measurements of the band gap of GaAs, the teifcorded after the thermocouple readouts stabilized to
perature dependence of the band gap was inferred from isg:1 °C.
absorption measurements in the Urbach tail re§idn. During the measurements, the tube was evacuated and
However, the temperature dependence of the Urbach slog#led with 10 mbar of either Ar or dry Bl In a first series of
was not resolved;this information is needed to obtain accu- measurements, As fragments were placed in the tube. The As
rate measurements of wafer temperatures with band-gagapor pressure from the elemental As helps to protect the
thermometry. The temperature dependence of the UrbackHrface from loss of the group V and subsequent formation
slope for InP is reported here, to the best of our knowledgedf droplets of In or Ga. This procedure allowed measure-
for the first timé® (a preliminary report is given in Ref. 10 ments on GaAs up to 790 °C and InP up to 700 °C. Pro-

In the measurements reported here, semi-insulatingPnged measurements in this mode led to As coating on the
GaAs wafersiundoped liquid-encapsulated Czochralski ma-windows on the ends of the furnace tube, which could not be
teria) and InP wafergFe doped], 530 and 350um thick, totally eliminated by continuous pumping. For temperatures
respectively, are enclosed in a cylindrical Ta radiation cavityabove 700 °C, the window coating and some visible wafer
5.6 cm in diameter and 20 cm long with 2.9 cm optical  degradation made measurements unreligbke two very
access hole at each end. The radiation cavity containing tH@"ge error bars in Fig.)2 Hence, for higher temperature
sample is placed in the center of 610 cm stainless-stee| Measurements, we protected the semiconductor surfaces
tube in a 80 cm long tube furnaé&The temperature unifor- 29ainst group V loss by electron-beam evaporation of ap-
mity across the wafer in the radiation cavity is better thanProximately 100 nm of aluminum oxide on both sides of the
0.5°C, as measured by two type-thermocouples, one wafers. Results from the coated wafers were found to match
pressed against the sample near the center of the tube aHtf results from the uncoated wafers at low temperatures.
one near the edge of the tube. According to the manufacturer, | "€ absorption coefficient is determined by inverting
the uncertainty in the absolute temperature reading of thie normalized transmittance spectra. The evaporatgsAl

typeK thermocouples is=2.2 °C or 0.75% of the tempera- films- had an optical thickness close x4 where\ is the
ture reading in °C, whichever is larger. To improve the ac-median wavelength of interest. To ensure that the effect of

this coating was properly accounted for in the transmission
measurements, the absorption of protected substrates were
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PPresent address: Center for Solid State Electronics Research, Arizona Staggmpared Wlth data_on unprOteCted. pieces of the Same wafer
University, Box 876206, Tempe, AZ 85287-6206. and normalized. Th|s. was accomplilshed py measuring each
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FIG. 1. Typical optical absorption spectra for semi-insulating GaAs and InF a5
as measured in this experiment. The inset shows the exponential relationsh - 4
between the coupling parameter for the Urbach slope and the fractiont 1.00 = :
ionicity of representative binary compounds. o b b v Lol e s laasdo
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chamber. Typical absorption spectra for GaAs and InP ar Temperature (K)

shown in Fig. 1.

The absorption in the Urbach region can be describe®IG. 2. Temperature dependence of the optical bandEgmnd Urbach
by5 slope parametef, for semi-insulating GaA¢]) and InP(M) together with
fits (solid lineg obtained with the Einstein modgEgs.(2) and(3)]. The top

hv—Eg ) part of the figure shows the difference between the GaAs band-gap data and

a(hy)= ag ex;< Eq D the fit on an expanded scale.

where E, is the characteristic energy of the Urbach edgepopulation® In the Einstein model, the width of the Urbach
E is the extrapolated optical band-gap energy, apis the  edge is
optical absorption coefficient at the band-gap energy. In this

letter, we will assume that the band gap is equal to the ex- Eo(T) = Sok e + 1 )
trapolated gafEg, although this may not give precisely the 2 expbe/T)—-1 ]

same values as other definitions of the band gap. Figure \%/here the dimensionless parameris a measure of the
shows the temperature dependengi@fand !EO for GaA§ structural disordet® g is the Einstein temperature taken as
and InP. BothEg andE, are determined by first subtracting 3/4 of the published Debye temperatfifé: 1S, is a dimen-

the weakly energy dependent deep-level absorptions frorgjqjasq constant related to the electron—phonon coupling,
the absorption data and fitting the exponential part with Edandk is the Boltzmann constarX is expected to be zero for

; ~1
(1), Whe“fl“g IS 8300 cm* for GaAs (Ref. 1] and a perfect crystat® The temperature dependence of the band
11000 cm~ for InP.*“ To ensure consistency, the range 10gap is given b

<a=<100 cm ! was used for the fits in the whole tempera-
ture range. At temperatures above 700 °C, the absorption be-
low the Urbach edge increases to more than 10 ¢nal-

1
exp(fg/T)—1
though its subtraction from the absorption data still yields an ) ) . ] )
é@eresg is a dimensionless coupling constant d&gl0) is

we still report theEg and E, values from the 10 to takep as the publi_shed band gap at liquid-He temperafure.
100 cnr* fit range, but have also performed calculations inA slightly better fit to the temperature dependence of the

different ranges in order to estimate the uncertainties. Belo@"d gaps can be obtained with the expression
700 °C, the uncertainties are determined from the differences 2
in results obtained from several runs and give error bars of Eg(T)=Eg(0)—S/kéy ; (4)
+0.7 meV forEg and =0.12 meV forE,. These error bars
are reported in Fig. 2. The equivalent errors in the band gaproposed by Varshfit® whereS, and 6, are fitting param-
from the temperature uncertainty afl °C at room tempera- eters. The fits of the Einstein expressions to the temperature
ture and+5 at 900 °C aret0.5 and+2.6 meV, respectively. dependence of the gap and the Urbach parameter with
In theories of the Urbach edge for crystalline semicon-S;, S;, andX as adjustable parameters are shown as con-
ductors, bothE, and Eg are proportional to the phonon tinuous lines through the data in Fig. 2. The best-fit param-

Ec(T)=Eg(0) —Sgkbe , (©)

05+ 6yT
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TABLE I. Parameters describing the temperature dependence of the absorg, is equal to 0.61 times the Debye temperature or 218 and
tion edge obtained from the fits to the experimental datg0) and g are 256 K for GaAs and InP, respectively, which are in reason-
taken from the literature. We assurdig is 3/4 of the Debye temperature. . . .
able agreement with the values féy in Table | obtained
Parameter GaAs InP from the f|t$ to the data.
The constan§, is a measure of the strength of the cou-

52(3)30(5\/&) V) l'f_ 132& l'f_iii pling between the phonons and the electronic states at the
E, (300 K)( meV) 5.9 71 conduction- and valence-band edges. In particular, the inter-
0 (K) 27¢° 316.3: action with longitudinal optical phonons will increase with
ov (K) 199.4 228.0 ionicity. The inset to Fig. 1 shows th&, increases approxi-
20 %10239 %11723 mately exponentially as a function of the fractional ionic
ng 6.30 535 character of the bonds in binary compouffi§he GaAs and
X 1.2 11 InP data are from the present work while the values for the
other materials are from Kurik.
“Reference 14. The simplest interpretation of the temperature-

b,
Reference 12. independent part of the width of the absorption edgen-

zeroX) is that it is due to structural disorder. This is surpris-

eters are listed in Table I. The measured band gap of GaAs 10, since the GaAs and the InP used in these experiments
300 K is 1.422 eV. For InP, the measured band gap is 1.348re high quality single-crystal materials, and one might rea-
eV at 297 K. These values are in good agreement with th&onably expect the structural disorder component to be neg-
published 300 K values of 1.424 and 1.344 @¥f. 14 for  ligible. If the nonzeroX is due to disorder, then structurally
GaAs and InP, respectively. The values obtainedHgrat ~ more perfect material, perhaps thin films grown by molecular
the same temperatures are 5.9 and 7.1 meV for GaAs arfseam epitaxy, might show sharper Urbach edges. Alterna-
InP, respectively. In Ref. 6, the Urbach edge of semitively, we could forceX to be zero in the fitting procedure
insulating GaAs was measured with a lower monochromatognd allow 6 to be an adjustable parameter. In this case, we
resolution(4.5 nm instead of 0.9 njrand yielded a room- can still obtain a good fit to the data, b is unreasonably
temperatureE, value of 7.5 meV. The 5.9 mev value re- large. Based on these results, we are unable to say whether
ported here for GaAs at room temperature should be comthe nonzero value foX is due to structural disorder or is an
pared with 3 meV obtained in a recent theoretical calculatiorindication that the model for the temperature dependence of
of the thermally induced Urbach taf.Our higher value sug- the Urbach slope is incomplete.
gests a temperature-independent Cont”buuon as well, WhIChM. K. Weilmeier, K. M. Colbow, T. Tiedje, T. Van Buuren, and L. Xu,
Iegds to a no'nzerx value; when we fit Eq(2) to the data. Can. J. Phys69, 422 (1991.
This X value is reported in Table I. 2p. J. TimansAdvances in Rapid Thermal and Integrated Processiug,

The top part of Fig. 2 shows the difference between the ited by Fred RoozeboontKluwer Academic, Dordrecht, Netherlands,

i . 1996, Chap. 2.
measured band gap of GaAs and the fit to the data with the " " \iiiioy and R. A. Powell, U.S. Patent No. 5,118,2061992.
Einstein mode[Eq. (3)], on an expanded scale. The fit by 45 john and C. H. Grein, Rev. Solid State Sci1 (1990.
the Varshni expression in E@4) (solid curvg, as well as  °G. D. Cody, Semiconductors and Semimetatsiited by J. I. Pankove
Thurmond’s widely cited fft (dashed curveare shown for G(SACSdJemh'Cv 1984 (‘j’c;'- %1%_ CT‘PA- 2-| Phy8, 5609(1965
. . . . . . R. Johnson and T. Tiedje, J. Appl. , .

comparison. Eq_uauotﬂ) gives a sllgh’tly better.ﬂt to Fhe dqta 7M. V. Kurik, Phys. Status Solidi /8, 9 (1977,
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