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Abstract. This paper presenrs the experimental set-up and the measurement procedures of the 
photovoltage technique and repom a photovoltage spectroscopy study of the subband structures 
and the optical transitions in AIAs/GaAs superlattices at different temperawes ranging !?om 
18 b 300 K. Below 100 K, the photovoltage spectra reflect the step-like distribution of the 
two-dimensional state density, and a sequence of distinct exciton tramition peaks have been 
observed. The peaks are identified according to the selection rule of optical transitions and 
the calculated WILE. The experiments show that the photovoltage chmges considerably with 
temperature. The mechanisms for the photovoltaic effect of superlattice and quantum well 
structures are given and the changes in photovoltage with temperature are discussed. 

1. Introduction 

There has been considerable interest in the novel optical properties and device applications 
of semiconductor superlattices and quantum well structures [1-3]. Optical transitions 
between conduction- and valence-band subbands in superlattices and quantum wells have 
been studied using a variety of different techniques, such as optical absorption 141, 
photoreflectance 1.51, photoluminescence [6] and photocurrent [7,8]. However,  no^ report 
has so far been made on the exciton transitions and the subband structures using the 
photovoltage method. The photovoltage spectrum not only reflects the ability of spectrum 
response of superlattices and quantum wells, which is of great importance, for example, in 
photoelecbic device applications, but also provides information about subband structures, 
optical transitions and transports of photogenerated carriers. Collins etal [7] and Yamanaka 
et at [8] have observed a sequence of distinct exciton transition peaks, including allowed 
and forbidden transitions, in photocurrent spectra with extremely small light intensities, 
which demonstrates that photocurrent spectroscopy is a very sensitive technique for 
studying electronic structures of superlattices and quantum wells. In comparison with 
the photocurrent technique, in addition to the high sensitivity, the photovoltage technique 
presented in this paper has some advantages, including no damage to the sample and not 
having to make electrodes on the sample. In this paper, we describe the experimental set-up 
and the measurement procedures of the photovoltage technique and report a photovoltage 
spectroscopy study of the subband structures and the optical transitions of p'-i-nf 
photodiodes in which the intrinsic regions were composed of AIAs/GaAs superiattices at 
different temperatures ranging from 18 to 300 K. As a means of non-destructive testing, the 
photovoltage technique is particularly suitable for testing thequality of crystal semiconductor 
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and epitaxy layers including the grown quality of superlattices and quantum wells and for 
monitoring the influence of the manufacturing process on the properties of semiconductor 
devices. 

2. Experimental details 

The two samples which will be discussed were grown by molecular-beam epitaxy (MBE). 
In each case the substrate is n+-GaAs doped with Si at approximately 2 x 10l8 ~ m - ~ .  On 
the substrate an undoped superlattice was grown. In sample 1 the superlattice consisted of 
100 periods of 10 nm GaAs wells and 10 nm AlAs barriers. In sample 2 the superlattice 
consisted of 30 periods of 10 nm GaAs wells and 3 nm AlAs barriers. A p+-AlAs layer 
which was about 10 nm thick and doped with Be at 5 x 1OI8 was grown on top 
of the superlattice, followed by a p+-GaAs cap layer about 10 nm thick and doped with 
Be at 5 x lo'* The resultant smcture is a p+-i-n+ photodiode. This structure is 
schematically shown in figure 1. 

P+-GaAs 10nm,5X10'8cm-3(Be) 

p*- A l A s  10nmr5X10'8cm-3(Be) 

undoped AIAs/G>As superlattice 

21.lm for sample  1 ,O. 4pm For sample 2 

1 n'-GaAs ~ubstrate,2XlO'~cm-'(~i)  I 
Figure 1. Schematic diagram of the AlAs/GaAs superlattice p+-i-n+ Smctuie. The superlatice 
intrinsic region is composed of AIAs(l0 nm)/GaAs(lO nm), 100 periods, For sample 1 and 
AIAs(3 nm)/GaAs(lO nm). 30 periods, for sample 2. 

Figure 2. Schematic diagram of the experimental set-up for photovoltage spectrum 
measurement: I ,  standard wistor; 2, digital AC voltmeter; 3, chopper; 4. grating 
monochromalor; 5, conducting glass; 6, sheet mica; 1, sample; 8, electrosmtic tube amplifier; 9, 
lock-in amplifier. 

The diagram of the experimental set-up for measuring the photovoltage spectrum is 
shown in figure 2. The 
temperature is controlled with a thermoelectric couple controller. Light from a bromine 
tungsten lamp passes through a chopper, becoming a rectangular light pulse, and then is 

The sample is mounted in a variable-temperature cryostat. 
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focused onto a grating monochromator. The light chopper operates at about 20 Hz or 
at a frequency that is low enough to permit a steady-state distribution of carriers in the 
sample and high enough to permit effective capacitive coupling of the photovoltage signal 
into an amplifier. The resolution of the grating monochromator is 0.1 A. The sample is 
illuminated on the front face with the monochromatic light pulse from the monochromator. 
When the photon energy of the incident light is greater than the band gap of the well 
material, electron-hole pairs are produced by band-to-band transitions and then separated 
by some mechanism to produce a photovoltage. The photovoltage signal is capacitively 
coupled by a transparent conducting glass and two pieces of sheet mica into an electrostatic 
tube amplifier for transformation of  impedance and then is sent into a lock-in amplifier 
for measurement. The input impedance of the lock-in,amplifier is 100 M a  to match the 
high,source impedance. The photovoltage signal from the lock-in amplifier is recorded as 
a function of the wavelength of the incident light by an IBM-386 microcomputer and the 
photovoltage spectrum is obtained. 

The wavelength dependence of the intensity of the light source has been taken into 
account. In order to ensure the the intensity of the incident photon flux at different 
wavelengths is the same, a linear thermoelectric pile was used to perform calibration of 
equal photon fluxes. The output voltage of the linear thermoelectric pile is proportional to 
the photon flux density, or 

(1) 
where Np is the number of photons illuminated on the thermoelectric pile per second, 
h is Planck's constant, c is the light velocity and A is the wavelength of incident 
light. The proportionality factor g expresses the sensitivity of the thermoelectric pile and 
g = 0.43 V W-' cm2 for the thermoelectric pile used here. Suppose that the output voltages 
of the thermoelectic pile are VI and 6, respectively, for the incident wavelengths AI  and 
Al .  From equation (l), we obtain 

V = gNphv = gNphc/A 

VilVz = NlAzlNzhi. (2) 

Vi /%=AzIAi .  . (3) 

Under the condition of equal photon fluxes, NI = Nz, equation (2) reduces to 

The measurement system is calibrated in accordance with equation (3). 

3. Results and analysis 

The photovoltage spectra of AlAs/GaAs superlattices were measured at eight different 
temperatures: 18 K, 40 K, 70 K, 100 K, 150 K, 200 K, 250 K and 300 K. Typical 
photovoltage spectra are presented in figures 3 and 4. 

(i) Figure 3 shows the photovoltage spectra for sample 1 at different temperatures. Six 
exciton peaks, labelled IIH, IlL, 13H, 31H, 33H and 33L have been observed (where ijH 
(ijL) is the exciton associated with the n = i conduction-band subband and the n = ~ j  
heavy-hole (light-hole) valence-band subband). However, 22H and 22L exciton transitions 
have not been observed. Figure 4 shows the photovoltage spectra for sample 2 at different 
temperatures. Six peaks labelled 1 lH, 1 IL, 22H, 22L, 33H aid 33L have been observed. 
The peaks are identified according to the selection rule of optical transition and the calculated 
results. We adopted the new formalism of the Kronig-Penney model [9] with Bastard's 
[IO] boundary condition to calculate the energy levels of the conduction-band subbands 
and valence-band subbands. We have taken [ll, 121 AE,  : A& = 60% : 40% as the 
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FIpm 3. Pborovoltage spocua for sample I at different 
temperatures. The temperature is given to the left of 
each spectrum. The exciton peaks have boen labelled 
in the figure. In this sample the GaAs well and AlAs 
barrier are both 10 nm thick, 100 periods. 

- 

250I< 

300K+ 

18.4K - 

L 
I I I 

Wnvclellglll (IJ",) 
0. G 0.7 0. a 0 

Figure 4. Phorovolrage spectra for sample 2 at different 
IemperaNreS. The imperarue is given to the left of 
each speclrum. The exciton peaks have been labelled 
in the figure. In this sample the GaAs well is 10 nm 
thick and the AlAs barrier is 3 nm thick, 30 h o d s .  

band offset ratio. The effective masses used are 111,131 m,l = 0.0665m0, mK1 = 0.34mo 
and mLI = 0.094mo for GaAs at the well layers and m,z =~0.15mo, mxz = 0.76mo and 
mLz = 0.15mo for AlAs at the barrier layers, where mo is the freeelectron mass. Some 
calculated energies of the intrinsic exciton transitions at 18.4 K are listed in table 1. The 
energies of the observed peak positions are also listed in table 1. From table 1, we can see 
that the calculated results are in agreement with experiments. 

(ii) Figure 3 shows that the photovoltage steeply drops at about 1.75 eV at a temperature 
of 15C-250 K for sample 1. The drop was observed in only a few samples and was found to 
be related to the etching treatment of the surface of the sample. It is suggested that strong 
absorption which makes no contribution to the photovoltage exists in the surface layer of 
sample 1. The strong absorption may results from the surface defects. The incident light is 
absorbed strongly in the surface layer, but the photogenerated carriers in the surface layer 
recombine quickly for high-surface recombination velocity and make no contribution to the 
photovoltage. However, the precise mechanism is unclear at present. The value of 1.75 eV 
is in agreement with the energy of n = 2 exciton transitions, which accounts for the fact 
that 22H and 22L exciton transitions have not been observed in sample 1. 

(iii) Figures 5 and 6 are plots of photovoltage as a function of temperature at four 
excitation wavelengths 0.78, 0.75, 0.72 and 0.68 pm, for samples 1 and 2, respectively. 
The experimental results show that the photovoltage changes considerably with temperature. 
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Table 1. The experimentzd and theoretical values of the energies of exciton transitions in two 
superlattices AIAs(l0 nm)lGaAs(lO nm) (sample 1) and AIAs(3 nm)/G&(lO nm) (Sample 2) 
at 18.4 K. The experimental values are the peak positions observed in photovol*lge spectra. 
The theoretical values are the results calculated by the Kronig-Penney model with Bastard's 
boundary conditions. 

Energy (eV) of the followingexciton transitions 

11H 11L 22H 22L 13H 31H 33H 33L 

Sample I,  experimenf 1.560 1.575 - - 1.598 1.817 1.879 2.008 
Sample I,  theory 1.558 1.574 1.679 1.742 1.601 1.819 1.883 2.020 
Sample2, experiment 1.554 1.567 1.651 1.701 - - 1.805 1.913 
Sample 2, theory 1.549 1.560 1.643 1.691 1.598 1.749 1.789 1.901 

0. G 8 w  4 
/ 0. 72lInl 

J 0. 7 5 ~ 1  

100 200 300 
Tempcraiurc (K) 

- J 0. 72vm 

Figum 5. Photovoltage as a function of tempemlure 
at four excifation wavelengths for sample 1. The 
excitation wavelength is given for each curve. 

Figure 6. Photovoltage as a function of temperature 
at four excitation wavelengths for sample 2. The 
excitation wavelength is given for each curve. 

As the features in the photovoltage spectra observed shift with the temperature, the change 
in photovoltage with temperature is a complex effect: the temperature dependence of a 
particular feature and the temperature shift of the spectrum. The change in the photovoltage 
amplitude that results from the shift of the photovoltage spectrum with temperature is gentle 
except around the peaks, which can be seen from figures 3 and 4. Therefore, the change 
in the photovoltage with temperature mainly results from the temperature dependence of 
the features. The plots of photovoltage as a function of temperature in figures 5 and 6 



9698 Wenzhang Zhu et a1 

. I 

I 

N .., 

1 
I 

I 1 
I- 

Figure 7. Energy-band diagram of the p+-i-n+ heterosvucture in figure 1 and transport 
processes of photogenerated carries. Process I shows the photogenerated carriers across barriers 
by thermionic emission and process 2 shows lhe tunnel effect. 

N 

2 

Figure 8. Spatial separation effect of the photogenerated electrons and holes in the GaAs wells 
of the AIAsIGaAs superlattice. 

approximately express the temperature dependence of the features. It can be seen from 
figures 5 and 6 that for a given excitation wavelength the photovoltage decreases as the 
temperature of the sample is decreased from 300 K to a critical temperature Tc and slightly 
increases as the temperature is further lowered. The experiments show that the critical 
temperature T, is different for samples with different structures and is in the range 80- 
110 K for all the samples that we studied. For the sample with the wider barrier, T, 
is lower. T,  is about 90 K for sample 1 and 110 K for sample 2. The reason for the 
dependence of the photovoltage on temperature is that the transport mechanisms which play 
the main role in the transport process of the photogenerated carriers are different at different 
temperatures. In our view, the photovoltage of the AIAslGaAs superlattice and quantum 
well structures comes from three kinds of photovoltaic effect. 

(1) The photovoltage V, results from the photogenerated carriers separated by the p+- 
i-n+ built-in electric field and then across barriers by thermionic emission, as process 1 
shown in figure 7. The photogenerated holes move towards the front face (p' region) and 
the photogenerated electrons move towards the back face (n+ region). This photovoltaic 
effect becomes stronger at higher temperatures. This photovoltaic effect is an important 
mechanism for quantum well structures. 

(2) The photovoltage VT results from the photogenerated carriers across barriers by the 
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tunnel effect, as process 2 shown in figure 7. This photovoltaic effect is the main mechanism 
in superlattices. 

(3) The photovoltage V,  results from the spatial separation effect of the photogenerated 
carriers. What the spatial separation effect means is that, in a superlattice with thick barriers 
or in a quantum well structure, the probability that photogenerated carriers tunnel through 
barriers is small and so the photogenerated electrons and holes separated by the built-in 
electric field of the p+-i-n* junction are still confined in the wells by the barriers, as 
shown in figure 8. 

The system may be considered as a series of capacitors corresponding to each period 
with the positive plate located at the z mean value of the hole wavefunction Zh, and the 
negative plate at the z mean value of the electron wavefunction Z,. The potential difference 
V, across the superlattice is equal to the sum of local potential differences AK between the 
planes Zhi and Zei limiting the ith period and is given by V, = ELl AK for an N-period 
superlattice or quantum well structure. This photovoltaic effect becomes stronger at lower 
temperatures. 

The number of carriers across the barrier due to thermionic emission is proportional 
to [14, 151 exp(-qAE/kBT), where AE is the potential energy. Thus, for a small 
photovoltage signal (less than kBT/q), the photovoltage that comes from the first kind 
of photovoltaic effect is given by 

V, a exp(-qAE/kBT). (4) 

The tunnelling probability for a square barrier is proportional to 1161 exp(-j?AE%), 
where j? is a constant and b is the width of the barrier. Thus, for a small photovoltage 
signal (less than kBT/q), the photovoltage that comes from the second kind of photovoltaic 
effect is given by 

VT LY exp(-j?AE%). (5) 
The photovoltage comes from the third photovoltaic effect-spatial separation of electrons 
and holes-and is given by 

where N is the number of periods of a superlattice or quantum well structure, S is the 
sample area, Zh - Z. is the separation of the two charge packets, Qi is the total charge of 
photogenerated electrons or photo-generated holes in the ith well, er is the relative dielectric 
constant and €0 is the permittivity in vacuum. In the interesting optical waveband (E8 (GaAs 
well) g hv g Es (AlAs harrier)), optical absorption takes~place only in the GaAs wells. 
Neglecting the absorption in the cap layer, the hole-electron generation rate G is given by 

(7) G(z) = Zo(1 - R)qaexp(-az) 

where ZO is the incident photon flux per unit area, R is the reflection coefficient. 9 is the 
quantum efficiency, o( is the absorption coefficient of GaAs wells and z is the total thickness 
of the GaAs wells through-which the light passed. 

The photogenerated carrier density nph in the GaAs wells obeys the following rate 
equation: 

where t is the lifetime of photogenerated carriers. 
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As the frequency of the light pulse is low enough to permit a steady-state distribution 
of carriers, we consider the case when dn,h/dt = 0. The photogenerated carrier density 
npk can be obtained from equation (8): 

nph = G T .  (9) 

The total charge of the photogenerated electrons or holes is given by 

= qSrlO(1 - R)q[l - exp(-Nu'oca)l 

where q is the elementary charge and a is the width of the GaAs well. 
Substituting equation (10) into equation (6) yields 

(11) ~~ 

z k  - z e  V, = qtlo(1- R)q[l  - exp(-Nu'oca)]-. 
G E O  

Since the thermal motion of the carriers becomes more violent as the temperature rises, 
Zh - Z, becomes smaller at higher temperatures. However, the exact dependence of V, on 
the temperature is not completely understood at present. 

From figures 5 and 6 and equations (4). (5) and (1 l), we come to the conclusion that 
the photovoltage mainly comes from the first kind of photovoltaic effect in the temperature 
range from 300 K to T,, and from the second and third kinds of photovoltaic effect at 
temperatures below T,. At temperatures below Tc, the tunnel effect plays the main role in 
the sample with thin barriers, and the spatial separation effect plays the main role in the 
sample with thick barriers. ' 

(4) At temperatures below 100 K, the photovoltage increases in a step-like manner, with 
decreasing wavelength of incident light, which reflects the step-like distribution of the two- 
dimensional state density in superlattice. The nth plateau corresponds to the transition from 
the nth valence subband to the nth conduction subband. On condition that there is no loss 
of photogenerated carriers, the photovoltage Vph is proportional to the optical absorption, 
which is proportional to the joint density pcu of states. So v,,k is proportional to pew. 

4. Conclusion 

Because of its simplicity and high sensitivity, photovoltage spectroscopy is  an effective 
technique for studies of the electronic properties of superlattices and quantum well structures. 
At temperatures below 100 K, the photovoltage spectrum reflects the step-like distribution 
of the two-dimensional state density in superlattice. Eight intrinsic exciton transitions, 
including two forbidden transitions 13H and 31H, have been observed. The photovoltage 
mainly comes from the photogenerated carriers across barriers by thermionic emission at 
temperatures above T, and from the spatial separated effect and tunnelling effect of the 
photogenerated carriers at temperatures below Tc. 
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