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Determination of surface state density for GaAs and InAlAs by room
temperature photoreflectance

G. S. Chang, W. C. Hwang, Y. C. Wang,a) Z. P. Yang, and J. S. Hwangb)

Department of Physics, National Cheng Kung University, Tainan, Taiwan, Republic of China

~Received 17 August 1998; accepted for publication 22 April 1999!

Room temperature photoreflectance~PR! was used to investigate the surface state densities of GaAs
and In0.52Al0.48As surface intrinsic-n1 structures. The built-in electric field and thus the surface
barrier height are evaluated using the observed Franz–Keldysh oscillations in the PR spectra. Based
on the thermionic emission theory and current-transport theory, the surface state density as well as
the pinning position of the Fermi level can be determined from the dependence of the surface barrier
height on the pump beam intensity. Even though this method is significantly simpler, easier to
perform, and time efficient compared with other approaches, the results obtained agree with the
literature. © 1999 American Institute of Physics.@S0021-8979~99!03815-3#
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In this article, we introduce an approach using photo
flectance~PR! to investigate the surface state density
measuring the surface barrier height as a function of pu
beam intensity. The built-in electric field and then the s
face barrier height as a function of pump beam intensity w
evaluated using the observed Franz–Keldysh oscillati
~FKO! in the PR spectra. Based on the current-transp
theory and thermionic emission theory, the surface state d
sity as well as the pinning position can be obtained. Hwa
et al. in their earlier reports1,2 have studied the surface sta
density and surface state distribution function of InAlAs s
face intrinsic-n1 structures by measuring the surface barr
heightVb as a function of the thickness of the top layer. Y
et al.3 calculated the surface state density by fitting the s
face barrier as a function of temperature. In this work
determined the surface state density by fitting the surf
barrier as a function of pump beam intensity. Since the pu
beam intensity can be adjusted by simply inserting a grad
neutral density filter in its beam path, this approach is mu
simpler and less time consuming compared with other m
ods.

GaAs and InAlAs SIN1 structures were grown by con
ventional molecular beam epitaxy. These heterostructu
possessed a common structure consisting of a 1000 Å
doped layer on top of 1mm of a Si-doped,n-type buffer
layer grown on a semi-insulating~001! GaAs substrate for
GaAs SIN1 structure or on an Fe-doped semi-insulating I
for an InAlAs SIN1 structure. In InAlAs SIN1 structures,
both the undoped and the buffer layers share the same A
mole fraction. The doping concentration in the buffer lay
was approximately 131018cm23 for all samples studied.

A standard PR apparatus was used in this study.4 A
He–Ne laser served as the pump beam. The probe beam
defocused on the sample and its intensity was kept at
mW/cm2 to reduce the photovotaic effect. PR spectra w
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measured at room temperature with the intensity of the pu
beam, controlled by a neutral density filter, varying fro
0.05 to 270mW/cm2.

Figure 1 shows the PR spectra of the GaAs SIN1 struc-
ture with various pump beam intensities. All the spectra
hibit a large number of FKO originated from the unifor
built-in electric field in the undoped region. The plot o
(4/3p)@(En2Eg)3/2# as a function of the FKO extrema in
dex n is a straight line whereEn and Eg are the photon
energy of thenth extrema and the energy gap, respective
The built-in electric fieldF as well as the surface barrie
height Vb can be determined from the slope of the straig
line using equations in Refs. 1 and 2. The surface Fermi le
VF , measured from the conduction band edge, is relate
Vb by VF5Vb1Vs , whereVs is the photovoltage induced
by the probe beam as well as the pump beam. During
experiments, the probe beam was defocused on the sa
and kept at 0.10mW/cm2 so that the photovoltage induced b
the probe beam is very small and can be neglected. At c
stant temperature, the photovoltage induced and henceVb is
a function of pump beam intensity only. The surface barr
heightVb as a function of pump beam intensity is shown
Fig. 2.

The photovoltageVs derived from the thermionic emis
sion theory is5

Vs5~hkT/e!ln~ I pc/I 011!, ~1!

where h is an ideality factor,6 I pc equals the photocurren
densityJpc times the surface areaApc, I 0(T) is the saturation
current which depends on the dominant current flow mec
nism and equals the saturation current densityJ0(T) times
some effective areaA0 . The photocurrent densityJpc, ac-
cording to current-transport theory in the case where the
fusion length is much larger than the penetration depth of
pump beam, can be written as7

Jpc5ePmg~12R0!/\v, ~2!

where Pm is the pump beam intensity,g is the quantum
efficiency,R0 the reflectivity of sample surface, and\v the
photon energy of the pump beam.

,

il:
5 © 1999 American Institute of Physics
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For samples of SIN1 structure, thermionic emission an
diffusion are the main contributions toJ0(T) so thatJ0 can
be expressed as3,8

J0~T!5@A* T2/~11BT3/2!#exp@2eVF~T!/kT#, ~3!

where A* is the modified Richardson constant defined9

m* ek2/(2p2\3) and B5(k/2pm* )1/2(300/n0), where m*
is the effective mass of the electron. By substituting Eqs.~1!
and ~2! into Eq. ~4! with I pc5Apc2Jpc and I 05A0J0 , the
surface barrier height is then

Vb5VF2~hkT/e!ln@11ePmg~12R0!~11BT3/2!

3exp~eVF /kT!/\vrA* T2#, ~4!

where r[A0 /Apc is defined as the geometry factor intr
duced first by Yinet al.3

At constant temperature, the only variable in Eq.~4! is
the pump beam intensityPm . When the experimental data o
Vb at various pump beam intensity is least-squares fitted
Eq. ~4!, VF , h, andr can be obtained from the fitting param

FIG. 1. The PR spectra of the GaAs SIN1 structure with the pump beam
intensity varying from 0.05 to 270mW/cm2.
Downloaded 26 Apr 2010 to 140.116.208.53. Redistribution subject to AI
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eters. The solid line in Fig. 2 is a least-squares fit of
experimental data to Eq.~4!. For GaAs sample, whereA*
58.0 A/cm2K2, B53.331024 K23/2, g>1, N056.3
31014cm22, andR050.34, the fitting parameters obtaine
are VF50.7060.02 eV, h50.8060.05 and r 50.040
60.005. Assuming one state per atom on the~001! GaAs
surface,3 the surface state density can be calculated fr
Ds5rN0 and is (2.5260.32)31013cm22. These results are
listed in Table I. Yinet al.3 measured the barrier height as
function of temperature. By fitting the measuredVb(T) as a
function of T to Eq. ~4!, they obtainedVF50.7760.02 eV,
h50.9360.05, andDs5(1.2660.63)31013cm22 for GaAs.
Their results are in agreement with our study shown
Table I.

Figure 3 displays a series of PR spectra of
In0.52Al0.48As SIN1 structure with 1000 Å undoped top laye
under various pump beam intensities. The surface bar
height is also plotted as a function of the pump beam int

FIG. 2. The measured surface barrier heightsVb of the GaAs and InAlAs
SIN1 structures as a function of the pump beam intensity. The solid
dashed lines are least-squares fits of the data ofVb to Eq. ~4!.
s
TABLE I. The surface Fermi level, ideality factorh, geometry factorr, and the surface state denties of GaA
and In0.52Al0.48As SIN1 structures obtained in various studies.

~300 k! VF(eV) h r Ds ~cm22!

GaAs Present work 0.7060.02 0.8060.05 0.04060.005 (2.5260.32)3 1013

Yin et al.a 0.7760.02 0.9360.05 0.0260.01 (1.2660.63)3 1013

In0.52Al0.48As Present work 0.6660.02 0.8060.05 (2.060.5)31023 (5.861.45)3 1011

Hwanget al.b,c 0.6260.01 (3.3160.05)3 1011

aReference 3.
bReference 1.
cReference 2.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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sity in Fig. 2. Again, the dashed line in Fig. 2 represent
least-squares fit of the data to Eq.~4!. For InAlAs, where
A* 58.5 A/cm2 K2, B53.231024 K23/2, g>1, N052.9
31014cm22, andR050.30, the fitting parameters obtaine
are VF50.6660.02 eV, h50.8060.05, andr 5(2.061.0)
31023. The density of occupied surface states estima
from Ds5rN0 is (5.862.9)31011cm22 with N052.9
31014cm22. In our previous studies,1,2 we found that the
surface Fermi level of In12xAl xAs SIN1 structures is not
pinned at midgap over an aluminum concentration of 0.4
0.57. For each Al composition there exists certain range
top layer thickness within which the surface Fermi level
weakly pinned. From the dependence of the electric field
surface Fermi level on the top layer thickness, we conclu
that the surface states distribute over two separate reg

FIG. 3. The PR spectra of an In0.52Al0.48As SIN1 structure with 1000 Å
undoped top layer under various pump beam intensities.
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within the energy band gap and the densities of surface st
are as low as (1.3660.15)31011cm22 for the distribution
near the conduction band~U! and (4.3860.50)31011cm22

for the distribution near valence band~L!. In this study, the
top layer thickness of the sample is 1000 Å. Our previo
studies showed that the surface Fermi level is pinned wit
the lower distribution. Therefore the surface state den
obtained in this study is the surface state density of the lo
distribution occupied by electrons and is comparable w
the result obtained in our previous study.

In conclusion, we have introduced an approach to inv
tigate the surface state density and the Fermi level pinn
position of a semiconductor by simply changing the intens
of the pump beam in the photoreflectance experiment. S
the intensity of the pump beam can be adjusted simply
inserting a neutral density fitter in the beam path, it is
simple and efficient method to investigate the surface s
density of various semiconductor surfaces or interfaces.
surface state densities of GaAs and In0.52Al0.48As obtained
using this technique are in good agreement with those
tained from other procedures, which provides further supp
of its validity.

This work was supported by the National Science Co
cil of the Republic of China under Contract No. NSC 8
2112-M-006-015.

1J. S. Hwang, W. Y. Chou, S. L. Tyan, H. H. Lin, and T. L. Lee, App
Phys. Lett.67, 2350~1995!.

2J. S. Hwang, W. C. Hwang, G. S. Chang, and Y. J. Cheng, J. Appl. P
~submitted!.

3X. Yin, H-M. Chen, F. H. Pollak, Y. Chan, P. H. Montano, P. D. Kirchne
G. D. Pettit, and J. M. Woodall, J. Vac. Sci. Technol. A10, 131 ~1992!.

4H. Shen, P. Parayanthal, Y. F. Liu, and F. H. Pollak, Rev. Sci. Instrum.58,
1429 ~1987!.

5H. Hovel, in Semiconductors and Semimetals~Academic, New York,
1975!, Vol. 11, p. 59.

6S. M. Sze, inSEMICONDUCTOR DEVICES Physics and Technolo
~Wiley, New York, 1985!.

7T. Kanata, M. Matsunaga, H. Takakura, Y. Hamakawa, and T. Nishino
Proceedings of the Society of Photo-Optical Instrumentation Engine
~SPIE, Bellingham, 1990!, Vol. 1286, p. 56.

8M. Hecht, Phys. Rev. B41, 7918~1990!.
9H. Shen, S. H. Pan, Z. Hang, J. Leng, F. H. Pollak, J. M. Woodall, and
N. Sacks, Appl. Phys. Lett.53, 1080~1988!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp


