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Effect of Van Hove singularities on the photovoltage spectra of semiconductors

Ilan Shalish
Harvard University, Cambridge, Massachusetts 02138
~Received 8 July 2002; published 25 October 2002!

The role of band structure in the photovoltaic effect is examined. Photovoltage is predicted to be sensitive to
Van Hove singularities. This prediction is verified experimentally. Spectra of GaAs, GaP, and GaN at above-
band-gap photon energies are compared with calculated band structure showing that band features, such as
conduction band valleys and valence band peaks, have a clear manifestation in photovoltage spectra, for both
direct and indirect transitions. This effect facilitates a band structure probe. This probe reveals experimental
evidence on the 2H-GaN valence band structure.
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I. INTRODUCTION

Illumination can induce transitions between electro
states in matter. In the presence of anexternalelectric field,
photoexcited electrons may be emitted from matter, i
photoemission.1 In the presence of aninternal electric field,
e.g., a space-charge region in semiconductors, the ex
carriers are swept and separated giving rise to surface ch
ing, also known as the photovoltaic effect.2,3 Both photo-
emission and the photovoltaic effect have provided the b
for electronic state spectroscopies. While methods base
photoemission, e.g., x-ray photoelectron spectroscopy,
quire ultrahigh vacuum conditions, photovoltaic metho
may conveniently be carried out in air. Photoemission me
ods typically employ excitation at photon energies exceed
the forbidden gap of most semiconductors, i.e.,above-band-
gap illumination, and often suffer from parasiti
photovoltage.4 On the other hand, the photovoltaic effect h
found significant use as a deep-level spectroscopy u
below-band-gapillumination.5–8

In this paper, manifestations of Van Hove singularities9 in
photovoltage spectra are predicted theoretically and veri
experimentally using above-band-gap illumination. A V
Hove singularity is a local increase in the density of sta
~DOS! associated with a band structure feature at which

¹E~k!50, ~1!

whereE is the energy andk is the wave vector.9,10 Due to the
increased density of states associated with these band
tures, optical transitions are more likely to originate at
singularity of a filled band~e.g., valence band peaks! and end
up at a singularity of an empty band~e.g., conduction band
valley!.11 To date, above-band-gap photovoltage has b
used to measure diffusion length.12 As will be discussed fur-
ther on, photovoltage depends on several material proper
including the absorption of light. The increased absorpt
often associated with certain band features has led to the
of photovoltage to measure band gaps.13,14As we show here,
absorption alone can only account for a limited part of
picture. The physical model and experimental results p
sented herein suggest that band features have a role in
photovoltaic effect and that above-band-gap photovolt
can provide valuable band structure information as well.
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.,

ed
rg-

is
on
e-
s
-
g

g

d

s

ea-

n

s,
n
se

e
-

the
e

II. MODEL AND PREDICTION

Above-band-gap illumination excites both deep levels a
electron-hole pairs. If the photon wavelength scan start
below-gap energies, the deep levels are already excited
fore the band edge energy is reached. As the band edg
approached, two opposing trends come into effect. One is
excitation of electrons from the valence band into the c
duction band, generating pairs of electrons and holes.
other is a decrease of the absorption deptha21. The result of
the latter is a decrease of the photoexcited volume, wh
allows relaxation of deep levels at the deep parts of
sample. This relaxation is a continuous process, becaus
the photon energy increases less and less bulk is illumina
This trend is perturbed by electron-hole pair-generati
related photovoltage, which is at the focus of our interes

Electron-hole pair generation takes place near the surf
within the photon absorption depth. It sets in slightly belo
the band edge due to the Franz-Keldysh effect.15 The photo-
generated pairs are separated by the built-in field commo
present at semiconductor surfaces, typically resulting i
positive ~negative! photovoltage in the case of ann-type ~p-
type! semiconductor.16 The same photogeneration also r
sults in carrier concentration gradients working to diffuse
excess carriers into the bulk. Since electron mobility is
ways higher than that of holes, electrons diffuse faster giv
rise to a positive photovoltage, in a process known as
Dember effect.17,18 Hence, above-band-gap photovolta
may still result from electron-hole generation at the surfa
even in the absence of a built-in field, what makes it le
sensitive to surface conditions. The processes of photoe
tation and charge separation are schematically illustrated
the case of ann-type semiconductor in Fig. 1.

In direct gap semiconductors, generation of electron-h
pairs at the band edge energy is typically manifested i
strong steplike photovoltage transition, reflecting a step
the absorption coefficient. Electrons in the valence band o
number those in deep levels by orders of magnitude. He
the probability of exciting an electron from the valence ba
is higher than that from deep levels resulting in a relativ
intense transition. Indirect transitions also require phono
reducing the transition probability and thereby its intensit

The above-band-gap photovoltage has been the sub
for theoretical treatments, because of the interest in it a
©2002 The American Physical Society14-1
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minority-carrier diffusion-length probe. In its most gener
form, formulated by Liuet al., the photovoltage magnitud
PV can be expressed as19

PV~hn!5F@12R~hn!# f ~a,L ! ~2!

wherehn is the photon energy,F is the photon flux,R is the
reflectance,L is the minority carrier diffusion length, an
f (a,L) takes the form19

f ~a,L !

5
f 1~a,L !exp~2aw!1C1@12exp~2aw!#2C2a/w

C31C4D/L1C5wD/L2

~3!

wherew is the width of the surface depletion region und
the depletion approximation,D is the minority-carrier diffu-
sion coefficient,C1 , C2 , C3 , C4 , and C5 are sample-
specific terms that do not vary with the photon energy, an19

f 1~a,L !5
S

S1D/L

aL

11aL
~4!

whereS is the surface recombination velocity in a Shockle
Read-Hall type of recombination center. Based on Eqs.~2!–
~4!, one can predict that the photovoltage will be sensitive
Van Hove singularities through three parameters. One is
absorption coefficient, reflecting the DOS, which sometim
changes abruptly at Van Hove singularities. The second is
minority-carrier diffusion lengthL, which differs from one
conduction band valley to another and from one vale
band peak to another due to the different carrier lifetimes
different energies. The third, the optical reflectionR, a band
structure probe in its own right, takes place at the surf
affecting the amount of absorbed light as a function of p
ton energy. Each of these parameters senses band stru
features and contributes to the photovoltage. However, ab
the band edge, the optical reflection has a rather weak e
on photovoltage,20 while the absorption coefficient typicall
shows a gradual featureless increase~except for the case o
an indirect semiconductor where both may still show a d
nite feature at the first direct gap!.21 This leavesL as the
main sensor.

FIG. 1. The main above-band-gap photoexcitation proces
shown schematically on a band diagram of a depleted surface o
n-type semiconductor.
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Indeed, it is occasionally observed thatPV vs a21

curves, employed in evaluation ofL, deviate from linearity
away from the fundamental band gap.22 In negative electron
affinity photoemission yield vsa21 curves, such deviations
were related to excitation to upper conduction band vall
and were used to calculateL therein.23 The sensitivity toL
implies thatn-type material should be more sensitive to v
lence band peaks, whilep-type material should be more sen
sitive to conduction band valleys.24 This sensitivity should
make the photovoltage a good sensor of band features. H
after, we test this hypothesis experimentally using three II
semiconductors. The generality of the model is not limit
by this material selection.

III. EXPERIMENTAL DETAILS

To measure changes in the surface voltage, we use
Kelvin probe in a dark Faraday cage with the same se
commonly used for surface photovoltage spectroscopy7,25

Note that by choosing this method we do not limit the ge
erality of our conclusions, as the same effect should be
pected with any other form of the photovoltaic effect. T
samples were illuminated using a monochromatized and
tered quartz-tungsten-halogen source operated in a con
photon flux regime. For the GaN samples, a Xe lamp w
used and the results were intensity normalized after verify
a linear intensity dependence of the photovoltage. The p
ton flux was;1012 photons cm22 s21. The results are given
in the form of the contact potential difference~CPD!. The
photovoltage is defined as the difference between the d
CPD and the CPD under illumination.

The GaAs samples were cut from a wafer~MCP Inc.,
U.K.! n-type doped with 631016 Si/cm3. The GaP samples
were cut from a wafer~Elma Inc., U.S.A.! p-type doped 5
31017 Zn/cm3. The GaN samples were 2mm thick epilayers
unintentionally doped~n type! to 431017 cm23 grown on
sapphire.26 The GaAs and GaP samples were grounded us
back Ohmic contacts. The GaN epilayers were contac
from the front~details were given elsewhere!.25 All the mea-
surements were carried out inair at room temperatureon the
free surfaces of the samples without any spec
preparation.27

IV. RESULTS AND DISCUSSION

Figure 2 shows the CPD measured on the surface o
typical n-type GaAs sample. A sharp CPD decrease is
served as the photon energy approaches the GaAs band
energy. This transition is denoted with arrow 1 also in t
band structure scheme shown in the inset~after Chelikowsky
and Cohen28!. The direction of this transition agrees with th
n-type conductivity of the sample.29 A more moderate de-
crease in the CPD follows this point, which can be explain
by the interplay between the increase of the DOS, as st
deeper in the conduction and valence bands are made a
able by the increasing photon energies, and the relaxatio
deep levels as the absorption depth decreases. At;1.7 eV,
the CPD changes from negative to positive slope~arrow 2!.
This point corresponds clearly with the next conduction ba
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valley at theL symmetry point of the first Brillouin zone o
GaAs. At this point,¹E(k)50 and one could expect a
increase in the DOS. A DOS increase should further decre
the CPD. Instead, we observe an increase. Why?

A conduction band valley carries majority carriers. T
photovoltage is not sensitive to the lifetime of majori
carriers.10 Therefore, the only way for theL valley to affect
the photovoltage is through the absorption coefficient. Exa
ining the absorption spectra of GaAs, we find no eviden
for theL valley or theX valley.30 This is further supported by
the calculated DOS, where no features are observed at e
of these symmetry points.31 Thus, there seems to be no o
vious reason for the GaAsL or X valley to affect the photo-
voltage inn-type GaAs. Indeed, no slope change is obser
at theX-valley-related photon energy. We therefore look fo
valence band feature. Indeed, thespin split-offvalence band
is known to be located 0.34 eV below the valence ba
maximum. This is somewhat higher than the observ
threshold. However, the Franz-Keldysh effect is expected
redshift the direct transitions, as is commonly observed at
fundamental band edge of direct semiconductors and is
observed in our measurement.

Since this valence band is not apparent in absorption
reflection spectra, the only way it can affect the photovolta
is through a change in the minority-carrier diffusion leng
compared with the one at the valence band maximum.
observed photovoltage decrease may be accounted for
decrease inL. The change inL is not abrupt, because only
fraction of the carriers is expected to form at the lower pe
while the rest are still formed at theG peak. This fraction
increases gradually with the photon energy,23 in agreement
with the observed gradual photovoltage decrease~CPD in-

FIG. 2. Contact potential difference spectrum obtained from
free surface ofn-type GaAs~100!. The inset shows the band stru
ture of GaAs@after Chelikowsky and Cohen~Ref. 28!#.
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crease!. Hence, we conclude that the observed transition,
ting in at;1.7 eV, expresses the influence of the GaAs sp
off valence band.

Figure 3 shows a photovoltage spectrum obtained from
typical GaN sample. As all the conduction band featu
other than theG valley are well beyond the range of ou
measurement, we can safely infer that all the observed t
sitions target the lowest valley at the GaNG symmetry point.
The first one, observed at;3.4 eV ~denoted 1!, clearly re-
lates to a directG-to-G transition from the highest valenc
band peak to the lowest conduction band valley, in agr
ment with the fundamental energy gap of the 2H polytype of
GaN. The next clear transition, observed at 5.1 eV, seem
relate to the next valence band peak at theH symmetry point.
This transition causes a decrease of the photovoltage,
gesting that the hole diffusion length in theH peak is smaller
than that in the upper valence band peak atG. This result
presents experimental evidence for theG-H energy spacing
in the 2H-GaN valence band.

To present a more complete set of evidence, we exam
spectra ofp-type GaP. Unlike GaAs and GaN, GaP prese
a case of an indirect band gap. As already observed in
previously presented cases of GaAs and GaN, indirect t
sitions are inherently weaker than direct ones. The spect
of a typical GaP sample, shown in Fig. 4, contains so
below-band-gap transitions involving deep levels, which
not within the interest of the current study. Below-band-g
transitions are direct transitions. Therefore, it is not surp
ing that the indirect band edge transition that follows sligh
below the fundamental gap~;2.26 eV! is relatively weak

e

FIG. 3. Contact potential difference spectrum obtained from
free surface ofn-type GaN film grown on sapphire. The inset show
the band structure of GaN@after Rubioet al. ~Ref. 35!#.
4-3
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and only perturbs the deep-level one. This transition is fr
the highest conduction band peak at theG symmetry point to
the conduction band valley at theX point ~denoted transition
1!. The next transition at theL point is indirect and weak a
well ~transition 2 at 2.35 eV!. The third transition, at 2.42 eV
corresponds to the next conduction band at theX point. Fi-
nally, the strong steplike transition setting in at 2.66 eV a
leveling off at 2.78 eV is the first direct gap transition at t
G point, and is indeed strong as expected. All the transiti
show the effect of a reduction in the electron diffusion leng
associated with the valleys at theL andX points.

As a band structure probe, photovoltage presents sev
advantages. First, some of the common band struc
probes, e.g., electroreflectance and photoreflectance,
based on modulation, which is the electronic means
derivation.32 Above-band-gap photovoltage spectra prov
good signal to noise without any form of derivation. Seco
it may also sense strong photoreflectance features. Thir
cannot be perturbed by parasitic photovoltage as is x

FIG. 4. Contact potential difference spectrum obtained from
free surface ofp-type GaP. The inset shows the band structure
GaP@after Chelikowsky and Cohen~Ref. 28!#.
B
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photoelectron spectroscopy. Finally, unlike the case
below-band-gap photovoltage spectroscopy, used to cha
terize deep levels and surface states, above-band-gap p
voltage is not sensitive to surface preparation~which may
affect the initial surface charge!. The Dember effect makes i
possible to detect band features by photovoltage even in
absence of an initial surface charge.17

Above-band-gap photovoltage requiresp-type material to
sense conduction band features andn-type material to sense
valence band features. This may find use as a complemen
method to ballistic electron emission spectroscopy, wh
n-type material is used to study the conduction band a
p-type material is used for the valence band.33,34 In cases of
new materials, in which control over the doping has not be
fully achieved, it is sometime desired to use the unintentio
form of conduction. For example, wurtzite GaN is uninte
tionally dopedn type, whilep type is often obtained through
heavy compensation doping which may distort some of
material properties. Other examples are zinc blende G
which is unintentionallyp type, and ZnO that is unintention
ally n type.

V. CONCLUSION

The spectra presented here form a consistent set of
dence showing that photovoltage manifests conduction b
valleys and valence band peaks via its sensitivity
minority-carrier lifetime and DOS, as we predicted. The o
served band features should also be reflected in deep-
spectra, especially in minority-carrier transitions. In additi
to the energy offsets, photovoltage spectra may hold qua
tative information on diffusion lengths at the various ba
features. Qualitatively, it shows that these lengths are m
shorter as the particle energy increases.

The implications of this work extend beyond the facilit
tion of a band structure probe in showing that band struct
has a clear role in the photovoltaic effect.
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