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Electrical characterization of epitaxial layers of 1"0.71 GaO•29 ASO•63 P 0.37 

S, M. Shibli and M. M. Garcia de Carvalho 
Instituto de Flsica "Gleb Wataghin "-LPD/UNlCAMP, J3081-Campinas/SP, Brazil 

(Received 19 November 1987; accepted for publication 9 March 1988) 

We have performed measurements of carrier concentration and Hall mobility, between 4.2 K 
and room temperature, in InGaAsP (energy gap of 0.96 eV) epitaxial layers grown on semi
insulating InP. It is shown that for this kind of material in the range of concentration studied 
(2.0X 1016_1.6 X lOIS cm--"), alloy scattering has to be taken into account as a mechanism 
limiting the mobility even at low temperatures. Also, in the entire range of temperature and 
concentration studied, Fermi-Dirac statistics are better suited than Boltzmann statistics for 
theoretical calculations of Fermi energy, because even for concentrations as low as 2,0 X 1016 

em -3, the material is degenerated at low temperatures. Following these assumptions, we have 
calculated the alloy scattering potential as being between 0.52 and 0.62 eV. 

I. INTRODUCTION 

The quaternary aHoy IU j xGUxASyPl _y can be epitax
ially grown lattice matched to IllP substrates. It has attract
ed great interest as a material for the fabrication of 
optoelectronic devices in optical-fiber communication sys
terns. 1-3 The successful fabrication of double heterojunction 
lasers, avalanche photodetectors, etc., has already been re
ported. 

In the electrical characterization of such materials, al
loy scattering should be taken into account for mobility de
termination as demonstrated elsewhere.4

•
5 Three theories 

have been used by most authors to explain this kind of scat
tering. The first attributes the scattering potential to the 
band-gap discontinuity (BGD) of the components of the 
aHoy,5-H The second and third attribute the scattering poten
tial to the electron affinities discontinuity (EAD) 9-lJ and 
electronegativities discontinuity (END), 12 respectively. 
Analysis of experimental results and fitting with theory has 
to be done accurately in order to enable us to reach conclu
sions that permit us to distinguish among the different theor
ies. 

In this paper, we report measurements of electrical 
transport coefficients ofIllu.n Gao.l·,) ASO.63 P 0.37 [energy gap 
(Eg) = 0.96 eVJ between 4.2 K and room temperature. 
Similar measurements on the In l _ xGa~AsyP] _y alloys 
have been performed by Bhattacharya et al. 13 between 20 K 
and room temperature and Greene et al. 14 between 77 K and 
room temperature, However, as we show in this work, the 
correct statistics have to be used in the data analysis. Thus, 
we used Fermi-Dirac statistics and with the mobilities mea
sured at 4.2 K where the ionized impurity scattering is domi.· 
nant, we can directly determine the total ionized impurity 
concentration for doped samples. 

II. EXPERIMENTAL PROCEDURE 

Hall measurements were performed on epitaxial layers 
grown by liquid phase epitaxy (LPE) on Fe-doped semi
insulating InP. The layers are tin doped with a doping con
centration between 2.0X1016 and 1.8XlO18 cm-- 3 and a 
typical thickness (d) around 0.5 11m. 

The magnetic field used to perform HaH measurements 
is always 0,2 T. Ohmic contacts were obtained with conven
tional Au-Ge-Ni aHoy. The four ohmic contacts were locat
ed, one each, at the middle of the four edges of the sample 
and only samples which presented good electrical symmetry 
were analyzed. 

Samples were mounted in a cryostat in order to perform 
the measurements between 4.2 and 300 K. The temperature 
was measured with a Cryogenk Linear Temperature Sensor 
(CL TS), which was located in contact with the sample. The 
sensor was calibrated at three points: 4,2, 77, and 300 K. 
Thus, with two straight lines, one between 4.2 and 77 K and 

FIG. 1. (a) Hall constant vs lO'/Tbetween 65 K and room temperature. 
(b) Hall constant vs J()3/Tbetween 4,2 K and room temperature. 
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FIG. 2. Hall mobility vs 1031Tbetween 4.2 K and room temperature. 

another between 77 and 300 K, we were able to have a maxi
mum temperature error of less than 1 K, foHowing the ven
dor specification (Micro-Measurements). 

Figures 1 and 2 show, respectively, the experimental 
variations of Hall coefficient (R h ) and Hall mobility (Ph) 

for all samples as a function of reciprocal absolute tempera
ture. There is a maximum in the mobility around 150 K, 
which is caused by a change in the predominant scattering 
mechanism. 

The curves of Fig. 1 show that carrier concentration 
(n ~ 1/ R h ) is constant, in the range oftemperatures studied, 
for the samples MF 138 and 139. Also, for temperatures 
lower than 50 K the remaining samples show the same be
havior. 

Table I summarizes some properties of the samples in
vestigated and the experimental results obtained. 

IIi,ANALYSIS 

Generally, the electron mobility in a polar semiconduc
tor around room temperature is limited by carrier scattering 
due to phonons, ionized impurities, and random local fluctu
ations in the alloy composition. We calculated the electron 
mobility assuming the validity of Matthiessen's rule. 15 So, 
we assume that the important canier scattering mechanisms 
are mutually independent and the total mobility can be ob
tained in the relaxation time approximation, from an arith
metic sum of the reciprocal mobilities calculated for each 
scattering event: 

(1) 

TABLE 1. Experimental results for the four samples. 

n (XlO '6 cm- 3
) n (X 1016 cm-') 

Sample T=4.2K T= 300K 

MF161 1.6 2.02 
MF162 2.6 4.20 
MF139 52 51.0 
MF138 160 179 
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TABLE n. Theoretical expressions for mobilities calculated through this 
work. k B : Boltzmann constant; T: temperature; y: li2: Fermi integral; Ii 
,~h 121T: Planck constant; e: electronic charge; Ks: static dielectric con

stant; Kd: optical dielectric constant; m*: effective mass; p: material den
sity; Ui; sound velocity; L: screening length; E Ie: acoustic deformation po
tential; (): optical phonon Debye temperature; W: longitudinal optical mode 
frequency; n: a"/4: unit cell volume; a: lattice constant; £: reduced energy; 
and F: reduced Fermi leveL 
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(Ref. 16) 

(Ref. 17) 

(Ref. 18) 

where Prot is the resulting mobility and,ui is the mobility due 
to a specific kind of scattering mechanism. 

In order to visualize which mechanisms predominate in 
the entire range of temperatures studied, we utilized Eq. (1) 
with the known expressions for mobilities (Table II l

6.-(18) as 
well as the known parameters for InGaAsP. 

In Fig. 3, this calculated mobility is shown as a function 
of the reciprocal of absolute temperature, between 4.2 and 
300 K, for It = 5.0X 1017 cm- 3, the total ionized impurity 
concentrationNj = 7.0X 1017 em -3 and the aHoy scattering 
potentialtlU = 0.5 eV. From this figure we observe the fol
lowing results: (a) The acoustic phonon scattering does not 

flu (X 10' em' IV s) fiu (X 103 cm'/V s) d 
T=4.2K T= 300K (pm) 

2.92 2.46 0.55 
3.02 2.19 0.60 
1.41 1.51 0.55 
2.6l 2.75 0.55 
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FIG. 3. Theoretical mobility vs 103fT for n = 5.0X 1017 cm- 3 and Ni 
= 7.0X 1017 cm'- 3, 

have a significant influence in the calculation of the total 
mobility over the range of temperatures studied. (b) At 
room temperatures, the polar optical phonons and alloy 
scatterings are the predominant scattering mechanisms. (c) 
At low temperature, both the ionized impurity and alloy 
scattering are dominant. Therefore, for InGaAsP, ionized 
impurity scattering is not the only important scattering 
mechanism at low temperature (4.2 K). 

In order to analyze the experimental results, we have to 
calculate the aHoy scattering potential (~U), which appears 
in the alloy scattering mobility expression, and the total ion
ized impurity concentration (N;), which appears in the ion
ized impurity mobility expression. 

Al! other physical constants are known or estimated 
by l3 

Q(x,y) = {xO - x) [(l - y) T1z(x) + yT43 (X)1 

+ yO - y) [(l - x) T I4 (y) + XT23 (y) n 
X[x(1-x) +y(l_y)],-l, 

where Tij is the material parameter for the ternary aHoy 
formed by binaries i and j. 

We start by taking Ni that gives the theoretical mobility 
limited by ionized impurity equal to experimental value 
found at 4,2 K. Of course, by the analysis above we know 
that this is not good for samples with lower carrier concen
trations. However, with this N i , we calculated ~u for the 
best fit (by using the least-square technique) between 4.2 
and 300 K, Now, with this value of ~U, we use Nt as a 
variable parameter to find the optimum value of N; which 
gives the best fit to the experimental curve, Taking this new 
value of No the curve fitting process is repeated to find a new 
value of AU, etc. Thus, with this iterative method we were 
able to fit the experimental curves, as can be seen in Fig, 4. 
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FIG. 4. (a) The line is the theoretical curve, and the points are the experi
mental data of the mobility vs I03fTbetween 65 K and room temperature, 
(b) The line is the theoretical curve, and the points are the experimental 
data of the mobility vs 10'fTbetween 4.2 K and room temperature. 

Table III shows the experimental results for AU and Ni 
for each sample. The theoretical values of ii U shown in Ta
ble III, were calculated following the equation 19 

(f:.U)2 = x(1 _ X)y2( L\UABD )2 

+X(!-x) Cl-y)2 (AUABc)2 

+ y(1 - y)x2
( f:.UBCD ) 2 

+ y(1 - y) (1 - X)2( ~UACD) 2, (2) 

where ~UABC is the ternary scattering potential of the 
A l _ x BxC compound, that assumes different values de
pending on the theory used. 

It is important to mention that Eq. (1) was modified to 

TABLE HI. Experimental and theoretical values of I:i U. N, is the total ion
ized impurity concentration. 

Ni AU (eV) AU(eV) 
Sample (X 1016 cm-') ( experimental) (theoretical) 

MF161 L88 0.56 BGD=0.52 
MFl62 4.65 0.61 EAD=O.39 
MF139 68.6 0.52 END =0.37 
MF138 507 0.62 
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1 1 1 1 1 -=--+--+--+--, (3) 
f.tH r] PI r2 il2 "3,u3 r4 P,~ 

where r ll r2 , '3' and"4 were calculated from the usual expres
sion ri = ('Ti)2 / ('Ti)2 for each scattering mechanism. 

In order to calculate ('I), (71), Pl' 112' P3' and P'.l' we 
need the Fermi-level energy which was calculated from20 

(4) 

where Nc represents the effective density-of-states in the 
conduction band, Y' 1/2 is the Fermi integrul,2\ and 1/F is the 
reduced Fermi-level energy. 

IV. DISCUSSION 

For calculating the Fermi-level position, we have as
sumed that n H = r I eR Ii' where e is the electron charge and r 
is the Hall factor. For our materi,tI, the value of r is between 
0.98 and 1.03. L' This allows us to take r = 1 as a good ap
proximation. 

The calculated Fermi level showed that Boltzmann sta
tistics were not adequate to describe electrons in our sam
ples. In fact, at low temperatures (T < 30 K) aU samples 
were degenerate. 

The Brooks-Herring formula for ionized impurity scat
tering, as well as all others formulas, were modified in order 
to take into account the Fermi-Dirac statistics. This gives a 
higher value of calculated mobility limited by ionized impu
rity scattering at low temperatures than the same mobility 
calculated by Boltzmann statistics. As a consequence, as can 
be seen in Fig. 3, mobility limited by alloy scattering can be 
comparable to mobility limited by ionized impurity. 

V. CONCLUSION 

We have performed transport measurements in 
InGaAsP (n',; = 0.96 eV) taking into account the Fermi
Dirac statistics and the low-temperature mobility. The val
ues found for the alloy scattering potential Ll U agree much 
better with the BGD theory than the other theories. The 
value found for Ll U in our work is significantly smaner than 
the Ll U = 0.8 e V found by Bhattacharya et a l. 13 even though 
their theoretical curves fit very well with their experimental 
results. We think the reason for this difference is their use of 
Boltzmann statistics, which gives a lower value of mobility 
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limited by ionized impurity scattering, and so in order to 
have a good fit of experimental values, they needed a higher 
value of D. U. A lower value of b. U, closer to that found by us 
and predicted by the BGD theory, would be found if the 
correct statistics were used to fit their experimental curves. 

Further improvements in our method could be achieved 
by taking the tail of density-of-states function and nonpara
bolic effects for heavier doped samples. 

ACKNOWLEDGMENTS 

We wish to thank Dr. F. C. Prince who provided us with 
the sampies used in this work, as well as Dr. N. B. Patel for 
the helpful discussions and suggestions, and to A. C. Franco 
da Silveira, who helped us with computer calculations. 

'F. C. Prince, N. B. Patel, S. Chang, and D. J. Bull, IEEE J. Quantum 
Electron. QE>17, 597 (1981). 

"F, Capasso, R. A. Logan, P. W. Foy, and S, Sumski, Electron. Lett. 16,241 
(1980). 

31'. K. Bhattacharya and M. D. Yeaman, Solid·State Electron. 24, 297 
(1981 ). 

4J. W. Harrison and J. R. Hauser, J. AppJ. Phys. 41, 292 (1976). 
SM. Glicksman. R. E. Enstrom, S. A. Mittleman, and J. R. Appert, Phys. 
Rev. B 9,1621 (1974). 

"J. J. Tietjen and L. R. Weisberg, App!. Phys. Lett. 7, 261 (1965). 
?T. Makowski and M. Glicksman, J. Phys. Chern. Solids 34, 487 (1973). 
"Y. Takeda, A. Sasaki, Y. Imamura, and T. Takagi, 1. App!. Phys. 41, 5405 

(1976), 
9J. W. Harrison and J. R. Hauser, Phys. Rev, B 13, 5347 (1976), 
"'J, R. Hauser, M, A, Littlejohn, and T. H. Glisson, App!. Phys. Lett. 28, 

458 (1976). 
liM. A. Littlejohn, J. R. Hauser, and T. H. Glisson, Api'll. Phys. Lett. 30, 

242 (1977). 
12J. C. Phillips, Rev. Mod. Phys. 42, 317 (1970), 
uP. K. Bhattacharya, J. E. Ku, S. J. T. Owen, G. H. Olsen, and S. H. Chiao, 

IEEE J, Quantum Electron, QE.17, 150 (1981 J. 
"}'. D. Greene, S. A. Wheeler, A, R. Adams, A. N. El-Sabbahy, and C. N. 

Ahmad, App\. Phys. Lett. 35, 78 (1979). 
"T. P. Pearsall, Electron. Lett. 17, 169 (1981), 
"'A, C. Beer, Solid State Physics, Supp1.4 (Academic, New York, 1963). 
I7J. D. Wiley, in Semiconductors and Semimetals, edited by R. K. Willard-

son and A. C. Beer (Academic, New York, 1975), Vol. 10, p. 127. 
"D. 1. Howarth and E. H. Sondherimer, Froc, R. Soc. London A 219,53 

(1953). 
19M. A. Littlejohn, 1. R. Hauser, T. H. Glisson, D. K. Ferry, and J. W. 

Harrison, Solid-State Electron. 21, 107 (1978). 
}oJ. S. Blakemore, Semiconductor Statistics (Pergamon, New York, 1962), 

p. 117. 
2iV. 1. Fistul, Heavily Doped Semiconductors (Plenum, New York, 1969), 

p.369. 

S. M. Shibli and M, M. Garcia de Carvalho 238 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

143.106.108.133 On: Tue, 25 Nov 2014 18:41:19


