
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Airaksinen, V-M.; Lipsanen, H.K.
Photoreflectance study of photovoltage effects in GaAs diode structures

Published in:
Applied Physics Letters

DOI:
10.1063/1.107105

Published: 01/01/1992

Document Version
Publisher's PDF, also known as Version of record

Please cite the original version:
Airaksinen, V-M., & Lipsanen, H. K. (1992). Photoreflectance study of photovoltage effects in GaAs diode
structures. Applied Physics Letters, 60(17), 2110-2112. https://doi.org/10.1063/1.107105

https://doi.org/10.1063/1.107105
https://doi.org/10.1063/1.107105


Photoreflectance study of photovoltage effects in GaAs diode structures
V. M. Airaksinen, and H. K. Lipsanen

Citation: Appl. Phys. Lett. 60, 2110 (1992); doi: 10.1063/1.107105
View online: http://dx.doi.org/10.1063/1.107105
View Table of Contents: http://aip.scitation.org/toc/apl/60/17
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1328277516/x01/AIP-PT/APL_ArticleDL_082317/APL_1640x440-RGB_vr2.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Airaksinen%2C+V+M
http://aip.scitation.org/author/Lipsanen%2C+H+K
/loi/apl
http://dx.doi.org/10.1063/1.107105
http://aip.scitation.org/toc/apl/60/17
http://aip.scitation.org/publisher/


Photoreflectance study of photovoltage effects in GaAs diode structures 
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(Received 29 August 1991; accepted for publication 13 February 1992) 

Photoreflectance measurements of a GaAs p-i-n diode as a function of temperature (50-450 K) 
are reported. The photovoltage in the structure is obtained from the electric field strength which 
is determined from the Franz-Keldysh oscillations in the photoreflectance spectrum. The results 
are compared to those from an n-GaAs structure where the Fermi level is pinned at the surface. 
In this case the photovoltage can be determined only by fixing the energy of the Fermi pinning 
level. The theoretical photovoltages are also calculated from the ideal p-n and Schottky diode 
equations. This study clearly shows the importance of the photovoltage effects in the 
photoreflectance measurements. 

The contactless modulation spectroscopy method of 
photoreflectance (PR) is frequently used to study the elec- 
tronic energy levels in semiconductor microstructures. ’ In 
PR the electron-hole pairs created by the pump light pulses 
are separated by the surface (or internal) electric field of 
the sample. Therefore, the electric-field strength is being 
modulated and PR is just a special case of electroreflec- 
tance. In addition to the electronic energy levels also the 
strength of the electric field can be determined from the PR 
spectrum if the material is of sufficient homogeneity for the 
Franz-Keldysh oscillations (FKO) to be observed on the 
high-energy side of the band gap energy.2 The method can 
be used to determine the surface electric field optically, and 
has been used to determine the position of the Fermi level 
on the surface of GaAs.3 However, the effect of the pho- 
tovoltage on the electric field cannot be ignored in any 
spectroscopic method in which the sample is illuminated 
with photons with an energy larger than the band gap. In 
fact, the photovoltage has been shown to have a consider- 
able effect in the soft x-ray photoemission measurements of 
G~As.~ Also, the photovoltage caused by the pump and 
probe light in the PR measurement reduces the surface 
electric field.5 This effect can only be neglected at high 
temperatures ( T > 400 K) or using very low light intensi- 
ties.5’6 

The PR technique can also be used for probing the 
internal electric fields in semiconductor structures. The 
photovoltage can be expected to have a similar effect as in 
the surface electric-field measurement. In this work we re- 
port the optical determination of the photovoltage in a 
GaAsp-i-n diode. The results are compared with a surface- 
i-n (s-i-n) structure at temperatures between 50 and 450 
K. 

Two samples were grown on semi-insulating (100) 
GaAs substrates in a standard molecular beam epitaxy sys- 
tem using solid sources and Si and Be for the n- and p-type 
dopants, respectively. The layer thicknesses were cali- 
brated using the reflection high-energy electron diffraction 
oscillation technique and x-ray diffraction measurements. 
The thicknesses of the intrinsic layers were also checked 
using C-V measurements. The p-i-n structure had a 4290- 
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A-thick undoped GaAs layer between two 1430-A-thick n- 
and p-type GaAs layers. The free carrier concentration of 
both doped layers was about 10” cm - ‘. The s-i-n sample 
consisted of a 6500 A n-type (n z lOi cm - ‘) GaAs buffer 
layer, a 1300 A n-type (n =: 10” cm - ‘) layer and a 2560 A 
undoped surface layer. 

The standard PR arrangement was used for the optical 
spectroscopy.7 The 488 nm line from an argon ion laser 
was used as the pump beam with a modulation frequency 
of 270 Hz. The intensity of the laser beam was attenuated 
to l-10 mW/cm’ with neutral density filters. The probe 
beam from a tungsten lamp passed through a Od5 m mono- 
chromator with a typical resolution of 10-16 A. A silicon 
p-i-n photodiode was used for measuring the intensity of 
the reflected light. The sample was mounted in a closed 
cycle He cryostat capable of cooling down to 13 K. 

The photovoltage at the surface, i.e., in the s-i-n struc- 
ture, can be measured only by explicitly fixing the energy 
of the Fermi pinning level at the surface.6 However, in the 
p-i-n structure the position of the Fermi level in thep- and 
n-type materials is known (if the photovoltage effect is 
ignored). Therefore, the photovoltage, Ys, can be deter- 
mined either by measuring the voltage between the n- and 
p-layers or by determining the electric field in the intrinsic 
layer. If the thickness, L, of the intrinsic layer is large 
compared to the thicknesses of the depletion layers the 
open-circuit photovoltage is simply 

where Er is the band gap. The electric field, F, is deter- 
mined from the extrema of the FKO, which are given by8 

(2) 

where n is the index of the nth extremum, 4 is an arbitrary 
phase factor, and E, is the energy of the nth extremum. 
The parameter fiie is 

&pF2 
fie=---- 

2u ’ (3) 

where ,u is the reduced effective mass for the electron and 
heavy-hole pair in the direction of the field. fi6’ is deter- 
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FIG. 1. Photoreflectance spectrum of the GaAs p-i-n sample at room 
temperature. The E. and E. + h, transitions are shown. The Franz- 
Keldysh oscillation is seen on the high-energy side of the E. transition. 
The inset shows the sample structure. 

mined from Eq. (2) by plotting the energy as a function of 
the extremum index: 

E, = RiieX,, -t Eg, 

X,= [:(n --5)1”; n = 1,2,3... . (4) 

The intercept of the line and the E, axis ,yields the energy 
gap Eg. 

A typical PR spectrum of the p-i-n sample at 290 K is 
shown in Fig. 1. The Franz-Keldysh oscillations are seen 
on the high energy side of the band edge (Eo) transition. 
As many as 15 extrema can be seen in the FKO due to the 
almost constant electric field. The weak E, + A,, transition 
can also be seen at the energy of 1.76 eV. A spectrum from 
the s-i-n sample recorded at 296 K is seen in Fig. 2. It 
closely resembles the spectrum obtained from the p-i-n 
sample. The amplitude of the FKO is remarkably reduced 
at the sixth extremum due to the interference between the 
oscillations from the heavy- and light-hole subbands. The 
insets in the figures give the structures of the samples. 
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FIG. 2. Room-temperature photoreflectance spectrum of the GaAs s-i-n 
sample. Similar features as in Fig. 1 can be seen. The inset shows the 
sample structure. 
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FIG. 3. Measured electric fields of the p-i-n and k-i-n samples as a func- 
tion of the temperature. The photovoltage reduces the electric field 
strength at lower temperatures. 

The electric fields in the intrinsic layers are determined 
from the measured FKO using p = 0.055 (in units of free- 
electron mass) for the reduced mass. As shown in Fig. 3, 
the electric-field strength is reduced at low temperatures 
due to the photovoltage. The photovoltage obtained from 
the PR measurements at different temperatures is shown in 
Fig. 4. The behavior of both diode structures is very sim- 
ilar. At high temperatures of 400-450 K the photovoltage 
disappears. As the temperature is lowered the photovoltage 
increases linearly towards a limiting value determined by 
the barrier height (77 V, and q Edq for the s-i-n and p-i-n 
structures, respectively). The theoretical photovoltage for 
the s-i-n structure is calculated from the ideal Schottky 
diode equations31426 assuming the Fermi level to be pinned 
at 0.73 eV below the conduction band. The model provides 
a good fit to the experimental data when the photocurrent 
is 1 x lo- ’ A/cm2 which is very close to the values (0.4-4 
mA/cm*) calculated from the pump-beam intensities. The 
results agree well with those by Yin et al. for a similar s-i-n 
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100 200 300 400 5 
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FIG. 4. Photovoltage of the p-i-n and s-i-n samples as a function of the 
temperature. The photovoltage approaches the limiting value of the bar- 
rier height as the temperature is lowered. The results from the s-i-n sam- 
ple are fitted by using the ideal Schottky diode equations of Ref. 6 assum- 
ing V, = 0.73 V and Jpc = 1 X 10 - 3 A/cm’ (solid line). The data from 
the p-i-n sample is fitted by using Eqs. (5) and (6) assuming J,/C= 1 
X 10 -’ K3” (dashed line). The ideality factor 17 is 0.9 in both fits. 
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structure.6 An analogous calculation can be performed for 
the p-i-n structure using the ideal p-n diode equations,’ 
from which the photovoltage V, is 

F7s=Fln[&+ I], (5) 

in which JF is the photocurrent and 7 is the ideality factor. 
The saturation current Js( T) is determined by the recom- 
bination current and its temperature dependence can be 
written’ 

Js( T) = CT312 exp (6) 

where C is a constant. 
The main advantage of the p-i-n structure compared 

with the s-i-n structure is that the barrier height is well 
defined as the Fermi level position in the n- and p-type 
layers is known. Even though the ideal pn-diode model 
resembles closely the model for the Schottky diode, the 
number of adjustable parameters is only two which is 
smaller than that of the Schottky diode model. By using 
values JpJC = 1 X 10M4 K3’2 and 77 = 0.9 an excellent 
agreement between the experimental and theoretical results 
is obtained. From Eq. (6) the saturation current density at 
300 K is 50 nA/cm2, which is of the same order of mag- 
nitude as in the s-i-n structure, The value of C calculated 
from the recombination current model9 is approximately 1 

A/cm2 K3’2, which is comparable to the experimental 
value of 8 A/cm2 K2. 

In conclusion, we have compared the effect of the tem- 
perature on the photovoltage in GaAs p-i-n and s-i-n struc- 
tures in the range from 50 to 450 K. We have found that 
both diodes behave in a very similar way. The determina- 
tion of the photovoltage in the p-i-n diode from the electric 
field strength in the intrinsic region does not require the 
knowledge of the surface Fermi energy pinning position. 
The results for both diode structures can be explained by 
the ideal diode equations. 
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