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AlGaAs structures with different aluminum concentration=(0.0, 0.17, 0.30, and 0.40wvere
characterized by photoluminescence and photoreflectance techniques. The temperature dependence
of optical transitions in the temperature ranging from 2 to 300 K were investigated. Y. P. Varshni
[Physica(Utrechy 34, 194 (1967], L. Vina et al. [Phys. Rev. B30, 1979(1984], and R. Psasler

[Phys. Status Solidi R00, 155(1997)] models were used to fit the experimental points. Theskea

model gave the best adjustment to the experimental points. The tree models showed that the
empirical parameters obtained through the adjustment of the experimental data in the three different
models are aluminum composition dependent in the ternary alloy20@L American Institute of
Physics. [DOI: 10.1063/1.1367875

I. INTRODUCTION mula depend on samples qualtyFor ternary alloys such as
AlGaAs, some works have proposed either a liftar a
AlGaAs, at low aluminum concentration,<x<0.45,  gyadratic dependentfor the Varshni and Via parameters
has attracted much attention due to properties which make ¥, the aluminum composition in the alloy system AlGaAs. A
useful for many types of heterojunction structures used ir!;ystematic study of the aluminum composition dependence
microelectric and optoelectronic devices. The temperature of the equations parameters proposed by the different models
variation of the band gap energy or of the excitonic transitionnas not been carried out yet. Moreover, tfisdhar model has
associated to it has been widely investigated both theoretjyq; yet been applied to AlGaAs. Using photoluminescence
c_aIIy and experimentally during the last decade_s for manyp|) and photoreflectancéPR) techniques, we describe in
different semiconductor materidls’® Two mechanisms are the present work the temperature dependence of excitonic
responsible for the temperature dependence of the eXCitO”LCnergies in AlGaAs alloys. Four samples with concentration
transitions in semiconductor materials: the electron—phonoyy, the range 8<x<0.40 are investigated. A comparison be-
interaction and the thermal expansion of the lattice. To manyyeen the three analytical models proposed by Varshni,
semiconductor crystals, the principal mechanism is the/fa and Pssler, employed to fit the temperature depen-
electron—phonon interaction. To GaAs, the mechanism ofjence of excitonic transition for the AlGaAs alloy is pre-
thermal expansion gives a contribution of about 44% of thesented din this work. A composition dependence of the fit-

total gap reduction” This contribution is higher than that ting parameters used in the three models is proposed.
found in other semiconductors.

The temperature dependence of the forbidden gap or df. THEORETICAL MODELS
the excitonic energy of semiconductor materials is generally  Many analytical models to describe the temperature de-
described by the empirical relation proposed by Varlézhnr, pendence of excitonic transitions have been developed in the
the semiempirical relations proposed by ¥ietal,” or  |ast decades. The more conventional is the Varst{p67)

Passler:® According to many authors, the Varshni model empirical model described by the following equation:
provides a good approximation to high temperatures; how- )

%?nr,e:i?:;lt?i?tir?aAs the parameters obtained _by perform'|rjg Eg(T)=Ey(T=0)— ayars—=, 0
gs on the basis of thq;r Varshni formula dif B+T

fered significantly from paper to paperFor the AlGaAs, it ;

has beegn argueg that tlralepfitting pbypthe Varshni model doe\ghereEg(T) Is the energy gap at the te_mperat[l'randa\,ar
~--and B are parameters to fit the experimental data. Another

not present correct values and the parameters of Varshni f0fgcent model containing the Bose—Einstein occupation factor

for photons, although still semiempirical, is proposed by

aElectronic mail: idias@uel.br Vina et al*? (19849 and is described as
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B BTN T @
whereag represents the strength of the electron—phonon in-
teraction,®@ g=naw/kg is the characteristic temperature rep-

resenting the effective phonon energy on the temperature 1.80
scalé®*3>%and E4(T=0)=Eg—ag. A more recent ana- 1
lytical model is proposed by Balet’ (1997 and can be
represented by the following equation:

ZT)" }
ey -1}, 3

where E4(T=0) is the energy gap at 0 Ka=S(x) ]
=—(dE(T)/dT)1_. is the high-temperature limiting value 1.65-
of the forbidden gap entrop\;*° ® is a characteristic tem- 1
perature parameter of material specific representing the ef- 1.607
fective phonon energyiw=kg® in units of the absolute ]
temperature, ang is a empirical parameter related to the ]
shape of the wunderlying electron—phonon spectral 4 50
functions?>*” According to the aforementioned expression, :
the Varshni and Via models present three parameters while 1.459
the Pasler model presents four adjustable parameters to fit \ 40_'
E.g'(T) expe'nmental data. Raler dgmonstrated the inevita- T T e aa am om0 2e0 280 320
bility of adding a fourth parameter in the expressions used to TEMPERATURE (K)
fit the temperature dependence of forbidden band gap or ex-
citonic transitiont” Experimental data observed in the litera- FIG. 1. The temperature dependence of excitonic transition in the range 2—
. . . 300 K of AlGaAs alloy forx=0 (the data for GaAs reported by Logotheti-
ture present typical curves fdiy(T) with nonlinear dgpen- dis et al?), 0.17, 0.30, and 0.40.
dencies at low temperaturesT<30 K) and linear
dependencies at high-temperaturds>@100 K). The main
difference between these three alternative expressions uswedhere the superscript exp indicates experimental vataés
to fit the temperature dependenceE{T) in GaAs is inthe  calculated values oE4 using the relationsl), (2), and(3),
low temperature rangé€2 K<T<30 K).} In this range of for theith data point. i—m) is the number of degrees of
temperature, the Varshni model leads to an overestimation dfeedom left after fittingn data points withm variable pa-
the measured temperature dependence and the Miodel rameters in the fitting function.
leads to an underestimatidohTo our knowledge, a compari-
son among the three models in the AlGaAs has not beenl. EXPERIMENTAL DETAILS
done yet. In.thls article, we make a comparison among these A set of four nominally undoped ABa,_ As samples
three analytical models for the temperature dependence of . . .
o . ) ; used in the experiments was grown by molecular beam epi-
excitonic transitions in AlGaAs alloy in the rande=2 K to : o .
- . taxy on (100 oriented, undoped semi-insulating GaAs sub-
T=300 K. From the experimental data on the temperature . "
o " ; Strates. The aluminum composition was 0.17, 0.30, and 0.40.
dependence of excitonic transitions, we can obtain the comy. . T
o . he experimental data for=0 were redigitalized from the
positional dependence of the parameters used irilth€?2),

and (3) relations on the basis of the Varshni, “dinand work of Logothetidiset al??> The PL measurements were

Passler models, respectively. Considering the relative Contriperformgd in the temperature range‘l_'o#? to 150 K, using .
. . . a 441.6 line of a He—Cd laser as excitation source. The emis-
bution of the thermal expansion mechanism to the gap en-

L . o . sion spectra were analyzed with a 0.5 m monochromator and
ergy variation on the GaAs, this article is concerned with the - .
. . . . etected by a liquid hNcooled Ge photodetector using stan-
overall behavior of the different adjustment curves obtalneagard lock-in techniaques. PR measurements were performed
by the different models. This relative contribution should not. ques. P

be a problem once the contributions of the thermal expansioIn the temperature range di=150 to 300 K. The probe

mechanism present a temperature dependence roughly sirr[1}|€}am was produced using a tungsten halogen lamp and a 0.5

lar to that of the electron—phonon interaction mechanism, monochromator. The PR spectra were analyzed with a Si

. . photodiode using the standard lock-in technique. The com-
especially for high temperaturésThe standard approach to I .
defining the best fit is to choose the parameters so that thoosmon of the layer was determined by double crystal x-ray

. : diffraction with an accuracy of about 1% as described

sum of the deviation squares of the theoretical curve from . 23
. L . elsewhere by Bassignaea al:

the experimental points is minimum. For this, we used the

expressiorf!

1.954

1.85-4

1.80+

a®|p
Eq(T)=Eo(T=0)~—~

1+ 1.757

ENERGY (eV)

1.70

#53 (x = 0.40)
#52 (x =0.30)
#55 (x =0.17)
GaAs (x =0)
Fit. Passler

agp»en

1.554

IV. RESULTS AND DISCUSSION

n
52:< 1 )2 (ESP— palush2, 4) Figure 1 shows the temperature dependence of excitonic
n-m/i=y % T transitions in the 2 to 300 K range for the AlGaAs alloy at
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x=0,0.17,0.30,0.40, and the numerical fit on basis cfsha
model—Eq.(3). With the considerable reduction of the PL |

signal in temperatures higher than 150 K, the PR technique 189 ==t

was used in the 150-300 K interval. Due to the different
physical processes involved in the different techniques, a dif-

ference in the energy denominated “Stokes shift” is ex-

pected. Schubest al?* verified that for high enough inten- 1.88-1
sity, the PL spectrum energy peak and the energy obtained
from the optical absorption spectrum for the InGaAs alloy
nearly coincide. Recently, Sha al?® observed through the

3 187
statistical distribution mode(this model was proposed by g
Schubertet al?® for the random distribution of Al and Ga g
atoms in the sites from the group-Ill on the AlGaAs ajloy &

that for highly sufficient temperatures, the Stokes shift be- 1.86 -
tween the excitonic transitions for the InGaN alloy obtained

through the PL and PR techniques is nearly annulled. In our o Sample #52 x=0.30

work, the PR spectra were obtained for temperatures over | ... Fit Varshni
150 K and for the alloy with random distributicifomoge- 1851 . Fit. Vifia
neous samplé€® Therefore, in agreement with the afore- — Fit. Passler

mentioned authors, a small Stokes shift is expected between
the spectra of PL and PR in the alloy analyzed byAi& to 184 -
2 meV difference between the PL and PR lines at 130 K was ' T T
observed. This difference was taken into account for experi- 0 40 80 120 160 200

mental data comparatibility reasons in order to obtain the TEMPERATURE (19

temperature excitonic transition curve for the temperature ingiG. 2. Comparison between the three analytical models of Varslotied
terval considered2—-300 K. The values obtained for the line), Vina (dashed ling and Pasler(solid line) and experimental data for
difference between the transition energy values at 2 and &8mPle withx=0.30.

300 K in this article and in that of El Allaliet al!*

[E4(2 K)—E4(300K)], which used the PL technique alone

at the same temperature interval discussed here, are Vepyent with the experimental points in the extrapolated curves
similar. This indicates that the Stokes shift is small and varin the high-temperature region. Thus, thésslar model

ies insignificantly with the temperature for the AlGaAs. A showed to be more adequate for the extrapolation at high
comparison between the three semiempirical models used {@mperatures from results obtained through optimized tech-
fit the temperature dependence of excitonic transitions fopjques for low temperatures as in the case of the PL tech-

Sample withx=0.30 is shown in Flg 2. As for the GaAs, the nique_ Table | gives the Varshni, W and Pssler param-
main difference between these models for the AlGaAs alloyeters values an®? calculated from Eq(4) for the three

is in the range of low temperaturéz K<T<30 K) In this models from the four Samp|e5 studied.

range of temperature, the Varshni model leads to an overes- |n Fig. 4, we present the compositional dependence of
timation of the measured temperature dependence and thige empirical parameters for the three models analyzed. In
Vina model leads to an underestimation. The same resulsig. 4, we see that the optimized parameters increase as the
are observed in the numerical fits for all samples discusseglloy composition increases. The dotted lines represent the

here. Then, the behavior of numerical fits using the modelginear or quadratic fit of the dependence of optimized param-
of Varshni, Vira, and Pssler observed in the GaAs is also eters on the aluminum concentration. The results these fits

found in the AlGaAs. The fitted curve obtained by the can be presented by
Passler expression gives a better adjustment to the experi-
mental points. Eva(T=0x)=1523+ 123 (e
Figure 3 shows the temperature dependence of the exci- _ varl x)=1. o, ( \_/)4 (53
tonic transitions for sample withk=0.30 fitted by the Varshnj a@ya(x)=5.5+3.35+50x" (10 "eV/K), (5b)

Varshni, Vire, and Pasler models in the temperature range B(X)=198+88x+ 430> (K), (50
of 2 to 125 K and extrapolated to 300 K. The fitted curves by
the V_ar:_;hni, Via, and F_jasler expr_essions give us a good Eg(x)=1.576+1.3% (eV), (5d)
description of the experimental points as can be seen by the _
S? values in Table I. When extrapolated to a high- Vina) as(x)=60+81x (meV), (5¢)
temperature region, however, the curves of the three analyti- Op(x)=240+18X% (K), (5f)
cal models diverged significantly. This divergence showed a
difference of 15 meV in the Varshni model, 8.5 meV in the

~ s ' E(T=0x)=151+1.2% (eV),
Vina model, and 2 meV in the Bsler model between the ( ) 5 ( 73 (59
fitted curves and the experimental point at room temperaturé>@slen @(x)=4.9+0.7x+3.7x* (10" eV/K), (5h)

Then, the Pssler estimates are found to be in better agree- O(x)=202+5x+260> (K). (5i)
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1.90
1.88
1.86 -
=
)
ht 1.84
[V}
Y
o
=z
i
1.82 4
1.80 + Sample #52, x=0.30
® Experiment (2K - 130K)
¢ Experiment (150K - 300K)
----- Fit. Vifa
1.78 _— Fit. Passler
------- Fit. Varshni
176 —

TEMPERATURE (K)

T —rT— 17T
a 40 80 120 160 200 240

320
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gap range(0<x<0.45. The dependence of other adjusted
parameters with the aluminum composition
[(avalX),B(X)), (as(X),0s(X)), (a(x),0(x))] shown, re-
spectively, in Figs. ), 4(c), 4(e), 4(f), 4(h), and 4i) are
linear to Vira model and quadratic to Varshni andsBler
models. This behavior could be associated with the different
choice of the electron—phonon spectral function for each
model?’ Vinaet al'? for example, adopted the spectral func-
tion as a singular function while Bsler adopted the spectral
function as a power la#/?° A set of properties of the
AlLGa, _,As alloy system as the band gap energy, effective
masses and phonon energies are composition dependent and
increases as the composition increases. Thus, the composi-
tion dependence of the optimized parameters in the different
models obtained by fitting the optical transitions experimen-
tal data with the temperature seems in principle obvious.
Therefore, the composition dependence of the optimized pa-
rameters used to fit the experimental data in the three models
is expected, despite the unclear physical significance of these
parameters.

The principal mechanism responsible for the temperature
dependence of band-gap energy is the electron—phonon
interaction?®® Calculations of electron—phonon spectral
functions in Si and Ge have shown that the energy shift due
to electron—phonon interaction includes contributions from

FIG. 3. The temperature dependence of excitonic transitions to AlIGaAdoth acoustic as well as optical phon&ﬁs‘[hen Opg in ex-
with x=0.3 fitted by Varshnidotted ling, Vina (dashed ling and Pasler

(solid line) models in the range 2—130 K extrapolated to 300 K. The exper
mental values at 2—-130 K and 150-300 K are represented by filled circle

and empty squares, respectively.

Our results obtained foE,,(T=0x), Eg(x), and E(T
=0x) displayed in Figs. @), 4(d), and 4g) [and also by
Egs. (5a), (5d), and (5g)] show a linear dependence on
These results are in good agreement with the experimentéthe optical or acoustical branches of the phonon spectra or to
data obtained by Casey and PaAlstrepresented by con- other mechanisms. Pavesi and Gdzhiave shown that the
tinuous lines in Fig. #that show a linear dependenceoaf
the fundamental band gap of the AlGaAs alloy in the directdent on the aluminum concentration in the AlGaAs alloy.

_pression(2) should correspond to the average frequency of

the phonon spectra in the temperature scale. To the GaAs,
the electron—acoustical longitudinal phonon interactions give
the dominant contribution to the band gap or exciton transi-
tion energy shiff:2*%In the AL Ga _,As, the energy values
associated t®g in the Vina model increases due to the
variation of the aluminum concentratioh However, these
works have not explained whether this increase is related to

energy of the acoustical longitudinal phonons are not depen-

TABLE |. Parameters of the Varshni, Van and Pasler expressions. Var, Vin, and Pass are abbreviations of
Varshni, Vira, and Pssler, respectively.

E4(T=0) (meV) ayal(107% eVIK) B (K) or
Eg (meV) or ag (MeV) Og (K) or ?
Samples Ey(T=0) (meV) or a(10™* eVIK) 0 (K) p (meV)?
GaAs 1523.11.2 5.4t0.5 173+45 SZ(Var)=2.83
x=0 1576.6:1.6 59.77.4 2417 Sz(Vin):O.Ql
1517.6:1.1 4.9+0.2 203+8 2.85 Sz(Pas$=0.87
AlGaAs 1728.7#1.3 8.1+-1.3 392+-102 Sz(Var)=7.4
x=0.17 1802.44.1 76.9-4.4 275+11 SZ(Vin)=1.7
1725.1-0.6 5.1+0.1 2089 4.0 Sz(Pas$:1.3
AlGaAs 1892.&1.0 10.5£1.9 573t159 S?(Var)=4.6
x=0.30 1975.7%2.2 85.9r2.3 2896 Sz(Vin)=O.31
1890.0+0.3 5.5:0.1 220+7 35 S?(Pas$=0.28
AlGaAs 1991.5-1.2 14.2£2.5 941+250 SZ(Var)=5.6
x=0.40 2081.24.6 94.4-4.8 31710 . Sz(Vin):0.77
1989.70.6 5.9+0.1 275+9 2.9 S?(Pas$=0.88
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