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Photoreflectance �PR� spectroscopy experiments are reported on GaAsSb/ InP heterostructures. The

GaAsSb PR spectrum is studied as a function of temperature and the transition nature is shown to

change from Franz-Keldysh oscillations �FKO� at room temperature to a third derivative functional

form �TDFF� line shape at low temperatures. Combining both analysis �FKO and TDFF� in the same

sample, we derive internal electric field and phase values of the PR transition, together with accurate

values for alloy band gap energy on the whole temperature range. Type II interface recombination

is shown to reduce photovoltage effects as a function of temperature. FKO are found to appear for

a very weak electric field �8 kV/cm� in the GaAsSb/ InP heterostructure, contrary to usual

observations. This point is discussed in relation with the broadening parameter of the transition.

© 2005 American Institute of Physics. �DOI: 10.1063/1.2142099�

I. INTRODUCTION

Photoreflectance �PR� spectroscopy has been used to

characterize semiconductor heterostructures and a number of

device structures such as heterojunction bipolar transistors

�HBT�,1–4
high electron mobility transistors,

5,6
and quantum

well lasers.
7

Because of its derivative-like nature a large

number of sharp spectral features can be observed, even at

room temperature, and it is possible to determine the energy

and broadening parameter of any direct interband transition.
8

For sufficiently high electric fields, the PR spectrum displays

an oscillatory behavior, �the so-called Franz-Keldysh oscilla-

tions �FKO�� whose period is a direct measure of the internal

electric field.

The high speed performance of InP based HBT has been

demonstrated in many circuit applications.
9

The ternary III-V

semiconductor GaAsSb is a material of interest for the base

of HBT
10

realized in the family of GaInAs materials lattice

matched to InP. Due to the type II conduction band

offsets,
11,12

and to the favorable band alignment of the con-

duction band at the base-collector junction, a weak saturation

voltage is expected. Very high p-type doping levels using

carbon in GaAsSb �2�1020 cm−3� have also been reported.
13

This article reports a PR study of GaAsSb/ InP hetero-

structures in the temperature range between 8 and 300 K.

The nature of PR transitions is analyzed as a function of

temperature. Both analysis third derivative functional form

�TDFF� and FKO are used in order to evaluate the GaAsSb

alloy band gap energy in the whole temperature range as well

as the internal electric field in the heterostructure.

II. EXPERIMENTAL DETAILS

The samples were grown by molecular beam epitaxy on

InP substrates and their structures and band diagrams are

drawn in Fig. 1. An InP layer is deposited on a Si doped InP

substrate, which is either silicon doped in sample A �3
�1018 cm−3�, or nonintentionally doped �nid� in sample B

residual n-type 1016 cm−3. A nid GaAsSb layer is then depos-

ited on top of the InP buffer layer. Associated high resolution

x-ray diffraction �HRXRD� spectra give the following Sb

composition for the GaAsSb alloys: 45.7% in sample A and

50.4% in sample B. HRXRD measurements give access to

the alloy lattice parameter, the antimony composition being

extracted assuming a fully strained alloy.

In the photoreflectance experiments, the probe beam is

supplied through a monochromator from a halogen lamp, and

the optical modulation of the built-in electric field is realized

by a 20 mW HeNe laser which is chopped at 320 Hz. The

intensity of the modulating beam is controlled by neutral

density filters. The reflectance signal is detected by an

InGaAs photodiode. The modulated part of the reflected sig-

nal is extracted using a conventional lock-in technique. The

PR spectra are recorded in the 8–300 K temperature range,

the samples being mounted in a cold finger variable tempera-

ture cryostat.

III. RESULTS

The PR spectra recorded in samples A and B at 300 K

are displayed in Fig 2. Both of them exhibit oscillations

above the GaAsSb band gap: nine oscillations for sample A

and four oscillations for sample B. These FKO are related to

the internal electric field in the GaAsSb layer. It is worth

noting that the PR transition intensity in sample A is much

stronger than in sample B. This will be discussed in the

following section.

A wide and small PR transition is arising at high energy

�about 1.1 eV� in sample A �Fig. 2�: it is attributed to the

spin-orbit splitting of the GaAsSb valence band E0+�0.

In Fig. 3 are plotted the PR spectra of both samples at

temperatures varying between 8 and 300 K. PR spectra ex-
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hibit FKO in the whole temperature range, except for sample

B below 100 K where the nature of the transitions moves

from FKO to the low electric field TDFF of the unperturbed

dielectric function. As expected, the energy gap is found to

decrease as the temperature is increased. The PR experimen-

tal results are analyzed and discussed in the next section.

IV. PHOTOREFLECTANCE ANALYSIS

Photoreflectance can be classified into three categories:

low, intermediate, and high field regimes, depending on the

relative strengths of the electro-optic energy as compared to

the broadening of the PR transition. In the low electric field

regime, the modulation �� of the dielectric function � has a

line shape that is the TDFF of the unperturbed optical

function.
14

Differential changes in the reflectivity R are related to

the perturbation of the complex dielectric function �� by the

Seraphin equation:
15

�R

R
= a��1 + b��2, �1�

where a and b are the Seraphin coefficients and �1 and �2 are

the real and imaginary parts of the dielectric function �. In

most cases, near the fundamental gap of bulk materials, co-

efficient b is very small and the second term in Eq. �1� can be

neglected in such a way that �R /R is proportional to the

modulation of the real part of the dielectric function ��1.

If the form of �1 is a generalized Lorentzian form, which

is the case for homogeneous broadening, �R /R takes a par-

ticularly simple form:
16

�R

R
= ����3Re�Aei��E − EG + i��−n� , �2�

where A is the amplitude, � is a phase angle, n is an expo-

nent coefficient which depends on the type of the critical

point of energy band structure, and ��= �q2F2�2 /2��1/3 is

the electro-optic energy with F the electric field and � the

reduced effective mass, q and h are, respectively, the elemen-

tary charged and Planck’s constant. By fitting PR data, the

band gap energy EG and broadening parameter � are ex-

tracted. The line shape factor is independent on the modulat-

ing field F in the low-field regime, and depends only on the

shape of the unperturbed dielectric function.

But in the event that the low-field criterion ���	�� is

not satisfied, in the intermediate field regime, �� exhibits

FKO. From these FKO, it is possible to evaluate the built-in

electric field Fdc and the band gap energy EG. The extrema in

FKO are given by:
17

FIG. 1. Sample structures �A and B�
and their corresponding band diagram

calculated from a simple Poisson

equation model.

FIG. 2. PR spectra of samples A and B at room temperature.
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m
 =
4

3
�Em − EG

��
�3/2

+ � , �3�

where m is the extremum index, Em is the PR extremum

energy, and � is an arbitrary phase factor. From Eq. �3�, it

follows that

Em − EG = ���3

4
�m
 − ���2/3

. �4�

A plot of Em versus � 3

4
�m
−���2/3

will yield a straight line

with slope �� which contains the electric field F. The inter-

cept with vertical axis gives the band gap energy EG provid-

ing that the phase � is known. However this phase does not

have a simple interpretation, and though Aspnes
14

previously

proposed that � could be related to the dimensionality d of

the critical point following: �=
�d−1� /4, such a formula is

not universal and Eq. �4� cannot generally be used to get an

accurate value of the band gap energy EG. Indeed, the inter-

cept with vertical axis �EG� does depend a lot on the phase

value, and the determination of band gap energy from FKO

is not straightforward.

V. DISCUSSION

Figure 4 displays the PR spectrum of sample B recorded

at 60 K �squares�, together with the fitting curve �solid line�
to a TDFF �Eq. �2��. The fitting parameters, gap energy EG

and broadening parameter � are deduced: EG=0.799 eV, �

=4.5 meV at 60 K. The same treatment is also performed at

lower temperatures.

At higher temperatures in sample B �Fig. 3�b��, the PR

transitions can no more be fitted by TDFF as high energy

maxima are arising. They are attributed to FKO oscillations.

The internal electric field F and band gap energy EG are

determined following the method described previously, plot-

ting the energy extrema Em versus a function of m �as illus-

trated in Fig. 6�a�� for sample B at 300 K. It is worth noting

that the four energy maxima are straight aligned: this con-

firms our assumption that the PR spectra of sample B at high

temperatures have a FKO nature. In ternary alloys gap, the

exploitation of FKO using Eq. �4� requires the determination

of phase �. To check its influence on gap energy and electric

field values, we varied � between −
 and 
 and we con-

cluded that the major effect is to change the vertical axis

intercept, that is band gap energy EG. No significant effect is

detected on the electric field value. Next, we a priori assume

that phase � does not depend a lot on the temperature, fol-

lowing previous studies
4

which have shown that it essentially

depends on optical interferences, which hardly depend on

temperature.

In sample B, the alloy gap energy can be determined

using both methods: FKO and TDFF. We take advantage of

this observation to derive the accurate value of phase �, fol-

lowing the above-mentioned assumptions. � is chosen in

such a way that the determination of gap energy from both

methods �FKO and TDFF� gives a correct evolution of EG

versus temperature. Choosing � equal to 0.8
 in sample B,

the evolution of EG versus temperature does follow the usual

Varshni empirical relationship
18

as shown in Fig. 5:

FIG. 3. Evolution of PR spectra versus

temperature in �a� sample A and �b�
sample B.

FIG. 4. PR spectrum of sample B at 60 K �dotted curve�. TDFF fit using Eq.

�2� �solid line�.
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EG�T� = EG�0� −
�T 2

 + T
. �5�

The gap energy at 0 K, EG�0� and the empirical parameters �
and  are, respectively, determined equal to

0.806±0.003 eV, �4.0±0.1��10−4 eV K−1, and 143±18 K

in sample B. We check a posteriori our previous assumption

regarding the independence of � on temperature.

From the slope of the straight line ���B� and taking the

effective mass value �=0.042 m0 �Ref. 19� in antimonide

alloys, the electric field value is deduced in sample B �FB

=8 kV/cm� at 300 K �Fig. 6�a��. This experimental value is

compared with results obtained from a computer simulation

of the band structure using a one-dimensional Poisson equa-

tion solver: the maximal theoretical electric field at the inter-

face in such a sample is found to be approximately 7 kV/cm.

A good agreement is achieved between theory and experi-

ment.

As previously noticed, the nature of PR line shape in

sample B �Fig. 3�b�� is changing from FKO to TDFF as

temperature is decreased from 300 down to 10 K. This elec-

tric field change is due to the photovoltage effects. Indeed,

the optical measurement involves the use of a pump beam

which introduces a photovoltage phenomenon
20

which de-

creases the internal electric field �Fig. 7�. This decrease is

due to the creation of electron hole pairs which are separated

by the internal electric field. This mechanism is very signifi-

cant at low temperature where the thermoionic effects—

which tend to reduce the photovoltage effects—decrease.

In the case of sample A, we cannot use the same method

to derive the phase value for FKO analysis, as PR spectra

exhibit FKO on the whole temperature range, and no TDFF

analysis can be performed at any temperature. However, the

gap energy in sample A at 300 K is higher than sample B by

about 10 meV. We conclude this from HRXRD experiments

performed on both samples which give an Sb concentration

5% lower in sample A than in sample B and the PL study

previously performed in the same structures.
21

Therefore, we

use this bandgap value at 300K to determine the phase � to

use in the FKO analysis of sample A in the whole tempera-

ture range. Taking � equal to 0.92
 the bandgap energy evo-

lution with temperature in sample A is plotted in Fig. 8 to-

gether with the fit to Varshni equation. Parameters EG�0�, �
and  are respectively determined equal to 0.818±0.003eV,

�3.9±0.1� 10−4eV.K−1, and 140±14K in sample A. Recently,

FIG. 5. Temperature dependence of the GaAsSb alloy band gap in sample B

�squares extracted from FKO and TDFF theory�. Fit to Varshni equation

�solid line�.

FIG. 6. PR transition energy Em �a� as a function of ��m−0.8�
*3/4�2/3 in

sample B �m: FKO index� and �b� as a function of ��m−0.92�
*3/4�2/3 in

sample A.

FIG. 7. The temperature dependence of the measured electric field in sample

B.
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it has been found that the phase of FKO is strongly sensitive

to the total layer thickness over the interface associated with

the FKO.
4

Our results confirm these predictions. The differ-

ence in the FKO phases between samples A and B is attrib-

uted to the difference in the GaAsSb layer thickness.

The high energy transition which appears in the room

temperature PR spectrum of sample A �Fig. 2� was previ-

ously attributed to the split-off valence band. The transition

energy and broadening parameter � are determined using a

fit to the TDFF lineshape: E0+�0=1.08eV, �=34meV at

300K. Figure 9 gives the E0+�0 energy evolution with tem-

perature, together with the fit to Varshni equation. Parameters

EG�0�+�0�0�, � and  are respectively determined

equal to 1.155±0.0006 eV, 0.00154±0.0005 eV.K−1, and

1532±600K

Using the phase value 0.92
 and the same effective

mass value than in sample B, the internal electric field at

300K is found to be FA=90kV/cm in sample A �Fig. 6�b��.
The strong difference in the electric field values in samples A

�90kV/cm� and B �8kv/cm� arises from their different struc-

ture. Sample A can be considered as a so-called UN+

structure
17 �an undoped GaAsSb layer on a highly n-type

doped InP layer�, in which the electric field is assumed to be

constant, completely determined by the Fermi level pinning

position at the GaAsSb surface and the thickness of the un-

doped layer.
22

Assuming a surface Fermi level pinning at

220meV above the valence band,
23

the resolution of 1D Pois-

son equation in the sample structure yields an electric field

value of 90kV/cm in good agreement with the experimental

value. The strong difference between the internal electric

field values measured in both samples is responsible for the

strong difference in PR transition amplitude �Fig. 2� as pre-

viously noticed.

It is worth noting that the evolution of electric field ver-

sus temperature in many samples of similar structure �like

sample A� shows an anomalous behavior, different from

what is classically described in the literature when the pho-

tovoltage effects
20

are governed by a simple thermoionic ef-

fect. Actually, the electric field does not vary a lot with tem-

perature in sample A as previously reported �Figs. 8–10�.21–23

FIG. 9. �a� PR spectra of the split-off valence band transition at different

temperature �sample A�. Evolution of the transition energy versus tempera-

ture. �b� Solid line is a fit to Varshni equation.

FIG. 10. The temperature dependence of the measured electric field in

sample A.

FIG. 8. Temperature dependence of the GaAsSb alloy band gap in sample

A. Fit to Varshni equation �solid line�.
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We tentatively attribute this nonclassical behavior to the type

II nature of the heterostructures �Fig. 1�. Indeed, the photo-

voltage generated by the modulation light is determined clas-

sically without taking account of the recombination phenom-

ena at the interface. In type II heterostructures, the

recombination current in the depletion region is relatively

high, and the carriers at the interface have a very low life-

time. The amplitude of the spatially indirect type II lumines-

cence of electrons localized in InP and holes in the GaAsSb

is usually measured by photoluminescence.
11,12

Figure 11

shows the low temperature PL spectra of both samples A and

B at different excitation densities. By increasing the excita-

tion density by a factor of 1000, we observe for sample A, a

very strong shift of 40 meV toward high energy. Such large

injection-dependent energy shifts have been reported for spa-

tially indirect type II recombination of electrons and holes in

other material systems and also in GaAsSb/ InP.
11,12

The en-

ergy shift comes from the band-bending effect near the inter-

faces in the high laser excitation region. The reason why we

do not see any type II recombination in B sample, is twofold.

First the thickness layer is much larger than in sample A.

Second, the subjacent InP layer is nonintentionally doped in

sample B and therefore decreases the density of electrons

available for type II recombination in this sample. We as-

sume that in samples which present a strong type II interface

recombination, the internal electric field does not depend a

lot on the temperature as shown in Fig. 10. Further work is

under way to confirm this assumption, and will be reported

later on.

Finally, we would like to emphasize that in sample B,

FKO do appear even for a very weak internal electric field

�8 kV/cm�, although the FKO theory is a so-called interme-

diate electric field theory, that is when the low field criterion

���	�� is not satisfied as described in Sec. IV. At 60 K � is

found to be 4.5 meV. As temperature is increased, � is sup-

posed to increase due to phonon interactions. However, as

FKO are still present at 300 K, this means that � never

becomes much larger than 8 meV at 300 K. This is a proof

for a rather weak phonon coupling in such antimonide alloys.

VI. CONCLUSION

In conclusion, we have performed a PR investigation of

GaAsSb/ InP heterostructures. Taking into account the whole

temperature evolution, we were able to accurately derive the

phase value to use in FKO analysis, and extract accurate

values of antimonide alloy band gap in the whole tempera-

ture range, as well as the electric field F at the surface of both

samples. The temperature evolution of the alloy band gap

was adjusted using empirical Varshni law. The evolution of

electric field versus temperature is shown to be strongly in-

fluenced by type II interface recombination. The observation

of FKO at 300 K for a rather low internal electric field is a

proof for weak phonon coupling in GaAsSb alloys.
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