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Effect of Van Hove singularities on the photovoltage spectra of semiconductors
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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 B-GaN valence band structure.
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I. INTRODUCTION I. MODEL AND PREDICTION

Above-band-gap illumination excites both deep levels and

states in matter. In the presence ofeternalelectric field, electron-hole pai_rs. If the photon wavelength scan s';arts at
photoexcited electrons may be emitted from matter, i.e.2€l0W-gap energies, the deep levels are already excited be-
photoemissiot}.In the presence of aimternal electric field, fore the band edge energy is reached. As the band edge is
e.g., a space-charge region in semiconductors, the excitéPProached, two opposing trends come into effect. One is the
carriers are Swept and Separated g|v|ng rise to surface char XClt.a.tlon of eleCtronS.from the valence band into the con-
ing, also known as the photovoltaic effét.Both photo- uction band, generating pairs of electrons and holes. The
emission and the photovoltaic effect have provided the basigther is a decrease of the absorption dept. The result of
for electronic state spectroscopies. While methods based dhe latter is a decrease of the photoexcited volume, which
photoemission, e.g., x-ray photoelectron spectroscopy, reallows relaxation of deep levels at the deep parts of the
quire ultrahigh vacuum conditions, photovoltaic methodssample. This relaxation is a continuous process, because as
may conveniently be carried out in air. Photoemission meththe photon energy increases less and less bulk is illuminated.
ods typically employ excitation at photon energies exceedinghis trend is perturbed by electron-hole pair-generation-
the forbidden gap of most semiconductors, iapve-band- related photovoltage, which is at the focus of our interest.
gap illumination, and often suffer from parasitic  Electron-hole pair generation takes place near the surface,
photovoltagé. On the other hand, the photovoltaic effect haswithin the photon absorption depth. It sets in slightly below
found significant use as a deep-level spectroscopy usinghe band edge due to the Franz-Keldysh effédthe photo-
below-band-gapllumination >~ generated pairs are separated by the built-in field commonly
In this paper, manifestations of Van Hove singularties  present at semiconductor surfaces, typically resulting in a
photovoltage spectra are predicted theoretically and verifie@ositive (negativeé photovoltage in the case of amtype (p-
experimentally using above-band-gap illumination. A Vantype) semiconductot® The same photogeneration also re-
Hove singularity is a local increase in the density of statessults in carrier concentration gradients working to diffuse the
(DOS) associated with a band structure feature at which  excess carriers into the bulk. Since electron mobility is al-
ways higher than that of holes, electrons diffuse faster giving
VE(k)=0, (1) rise to a positive photovoltage, in a process known as the
Dember effect”*® Hence, above-band-gap photovoltage
whereE is the energy anil is the wave vectot!°Due to the  may still result from electron-hole generation at the surface
increased density of states associated with these band feaven in the absence of a built-in field, what makes it less
tures, optical transitions are more likely to originate at asensitive to surface conditions. The processes of photoexci-
singularity of a filled bande.qg., valence band peakend end tation and charge separation are schematically illustrated for
up at a singularity of an empty barid.g., conduction band the case of am-type semiconductor in Fig. 1.
valley).!* To date, above-band-gap photovoltage has been In direct gap semiconductors, generation of electron-hole
used to measure diffusion lengthAs will be discussed fur- pairs at the band edge energy is typically manifested in a
ther on, photovoltage depends on several material propertiestrong steplike photovoltage transition, reflecting a step in
including the absorption of light. The increased absorptiorthe absorption coefficient. Electrons in the valence band out-
often associated with certain band features has led to the useimber those in deep levels by orders of magnitude. Hence,
of photovoltage to measure band gap&'As we show here, the probability of exciting an electron from the valence band
absorption alone can only account for a limited part of theis higher than that from deep levels resulting in a relatively
picture. The physical model and experimental results preintense transition. Indirect transitions also require phonons,
sented herein suggest that band features have a role in theducing the transition probability and thereby its intensity.
photovoltaic effect and that above-band-gap photovoltage The above-band-gap photovoltage has been the subject
can provide valuable band structure information as well. ~ for theoretical treatments, because of the interest in it as a

Illumination can induce transitions between electronic
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Indeed, it is occasionally observed th&tV vs a !

- curves, employed in evaluation &f deviate from linearity
Diffusion Dﬁy ¢PV away from the fundamental band g&pn negative electron
Ec <0 <9 affinity photoemission yield ve:~* curves, such deviations
Er : <«~~hv were related to excitation to upper conduction band valleys
| and were used to calculate therein® The sensitivity toL

i implies thatn-type material should be more sensitive to va-
)

1

lence band peaks, whiletype material should be more sen-
E i sitive to conduction band valley&.This sensitivity should
v <0 o—> make the photovoltage a good sensor of band features. Here-
DRSO Drift after, we test this hypothesis experimentally using three I1I-V
semiconductors. The generality of the model is not limited

by this material selection.
FIG. 1. The main above-band-gap photoexcitation processes

shown schematically on a band diagram of a depleted surface of an
n-type semiconductor. IIl. EXPERIMENTAL DETAILS

To measure changes in the surface voltage, we used a
Kelvin probe in a dark Faraday cage with the same setup
commonly used for surface photovoltage spectrosédpy.
Note that by choosing this method we do not limit the gen-

_ _ erality of our conclusions, as the same effect should be ex-
PV(h»)=@[1-Rhw)]f(a.L) @ pected with any other form of the photovoltaic effect. The
wherehwv is the photon energyb is the photon fluxRis the  samples were illuminated using a monochromatized and fil-
reflectancel is the minority carrier diffusion length, and tered quartz-tungsten-halogen source operated in a constant
f(a,L) takes the forn? photon flux regime. For the GaN samples, a Xe lamp was
used and the results were intensity normalized after verifying
f(a,L) a linear intensity dependence of the photovoltage. The pho-
fy(,L)exp — aw)+Cq[ 1—exp — aw)]— Cpalw ton flux was~ 102 photons cm’? s*_l. The results are given
= 5 in the form of the contact potential differen¢€EPD). The
Ca+CaD/L+CowD/L photovoltage is defined as the difference between the dark
(3) CPD and the CPD under illumination.

The GaAs samples were cut from a waf@dCP Inc.,
U.K.) n-type doped with & 10%° Si/cn?. The GaP samples
were cut from a wafefElma Inc., U.S.A\. p-type doped 5
X 10'7 Zn/cn?. The GaN samples were 2m thick epilayers
unintentionally dopedn type) to 4x 10 cm 3 grown on

S al sapphiré® The GaAs and GaP samples were grounded using
STD/L it al (4) back Ohmic contacts. The GaN epilayers were contacted

from the front(details were given elsewher? All the mea-
whereSis the surface recombination velocity in a Shockley-surements were carried outair atroom temperaturen the
Read-Hall type of recombination center. Based on E2js-  free surfaces of the samples without any special
(4), one can predict that the photovoltage will be sensitive tgpreparatiort.
Van Hove singularities through three parameters. One is the
absorption coefficient, reflecting the DOS, which sometimes
changes abruptly at Van Hove singularities. The second is the
minority-carrier diffusion length_, which differs from one Figure 2 shows the CPD measured on the surface of a
conduction band valley to another and from one valenceypical n-type GaAs sample. A sharp CPD decrease is ob-
band peak to another due to the different carrier lifetimes aserved as the photon energy approaches the GaAs band edge
different energies. The third, the optical reflecti@na band  energy. This transition is denoted with arrow 1 also in the
structure probe in its own right, takes place at the surfacéand structure scheme shown in the ingdter Chelikowsky
affecting the amount of absorbed light as a function of pho-and Coheff). The direction of this transition agrees with the
ton energy. Each of these parameters senses band structuréype conductivity of the sampfé. A more moderate de-
features and contributes to the photovoltage. However, abowerease in the CPD follows this point, which can be explained
the band edge, the optical reflection has a rather weak effetly the interplay between the increase of the DOS, as states
on photovoltagé?® while the absorption coefficient typically deeper in the conduction and valence bands are made avail-
shows a gradual featureless increésecept for the case of able by the increasing photon energies, and the relaxation of
an indirect semiconductor where both may still show a defi-deep levels as the absorption depth decreases:1A7 eV,
nite feature at the first direct gaft This leavesL as the the CPD changes from negative to positive sléaeow 2.
main sensor. This point corresponds clearly with the next conduction band

minority-carrier diffusion-length probe. In its most general
form, formulated by Liuet al, the photovoltage magnitude
PV can be expressed’ds

wherew is the width of the surface depletion region under
the depletion approximatiom is the minority-carrier diffu-
sion coefficient,C;, C,, C;, C4, and C; are sample-
specific terms that do not vary with the photon energy,!and

fl(a,l_):

IV. RESULTS AND DISCUSSION
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FIG. 2. Contact potential difference spectrum obtained from the 3-5Ph t4'0 E 4.5 €,‘0
free surface oh-type GaA$100). The inset shows the band struc- oton Lnergy [eV]
ture of GaAg[after Chelikowsky and CohefRef. 28]. o )

FIG. 3. Contact potential difference spectrum obtained from the

) . o free surface ofi-type GaN film grown on sapphire. The inset shows
valley at theL symmetry point of the first Brillouin zone of the pand structure of Galfter Rubioet al. (Ref. 35].

GaAs. At this point,VE(k)=0 and one could expect an
increase in the DOS. A DOS increase should further decreasgease Hence, we conclude that the observed transition, set-
the CPD. Instead, we observe an increase. Why? ting in at~1.7 eV, expresses the influence of the GaAs split-
A conduction band valley carries majority carriers. Theoff valence band.
photovoltage is not sensitive to the lifetime of majority  Figure 3 shows a photovoltage spectrum obtained from a
carrierst® Therefore, the only way for the valley to affect  typical GaN sample. As all the conduction band features
the photovoltage is through the absorption coefficient. Examether than thel” valley are well beyond the range of our
ining the absorption spectra of GaAs, we find no evidencaneasurement, we can safely infer that all the observed tran-
for theL valley or theX valley° This is further supported by sitions target the lowest valley at the GEANsymmetry point.
the calculated DOS, where no features are observed at eith&he first one, observed at3.4 eV (denoted 1, clearly re-
of these symmetry point&. Thus, there seems to be no ob- lates to a direci-to-I" transition from the highest valence
vious reason for the GaAls or X valley to affect the photo- band peak to the lowest conduction band valley, in agree-
voltage inn-type GaAs. Indeed, no slope change is observednent with the fundamental energy gap of thé Rolytype of
at theX-valley-related photon energy. We therefore look for aGaN. The next clear transition, observed at 5.1 eV, seems to
valence band feature. Indeed, thgin split-offvalence band relate to the next valence band peak atthgymmetry point.
is known to be located 0.34 eV below the valence bandrhis transition causes a decrease of the photovoltage, sug-
maximum. This is somewhat higher than the observedjesting that the hole diffusion length in thkpeak is smaller
threshold. However, the Franz-Keldysh effect is expected tohan that in the upper valence band peald afThis result
redshift the direct transitions, as is commonly observed at thpresents experimental evidence for fieH energy spacing
fundamental band edge of direct semiconductors and is alsa the 2H-GaN valence band.
observed in our measurement. To present a more complete set of evidence, we examined
Since this valence band is not apparent in absorption ospectra ofp-type GaP. Unlike GaAs and GaN, GaP presents
reflection spectra, the only way it can affect the photovoltagea case of an indirect band gap. As already observed in the
is through a change in the minority-carrier diffusion length, previously presented cases of GaAs and GaN, indirect tran-
compared with the one at the valence band maximum. Theitions are inherently weaker than direct ones. The spectrum
observed photovoltage decrease may be accounted for byod a typical GaP sample, shown in Fig. 4, contains some
decrease ih.. The change ik is not abrupt, because only a below-band-gap transitions involving deep levels, which are
fraction of the carriers is expected to form at the lower peaknot within the interest of the current study. Below-band-gap
while the rest are still formed at the peak. This fraction transitions are direct transitions. Therefore, it is not surpris-
increases gradually with the photon eneffjyn agreement ing that the indirect band edge transition that follows slightly
with the observed gradual photovoltage decre@®D in-  below the fundamental gap~2.26 eV is relatively weak
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photoelectron spectroscopy. Finally, unlike the case of
below-band-gap photovoltage spectroscopy, used to charac-
terize deep levels and surface states, above-band-gap photo-
voltage is not sensitive to surface preparati@rhich may
affect the initial surface charggeThe Dember effect makes it
possible to detect band features by photovoltage even in the
absence of an initial surface charde.

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

¥ Energy [eV] !

Contact Potential Difference [V]

2.2 2.4 2.6 2.8 V. CONCLUSION

Photon Ener eV _ _
gy [eV] The spectra presented here form a consistent set of evi-

FIG. 4. Contact potential difference spectrum obtained from thed€nce showing that photovoltage manifests conduction band

free surface op-type GaP. The inset shows the band structure ofvalleys and valence band peaks via its sensitivity to
GaPJ[after Chelikowsky and CohefRef. 29]. minority-carrier lifetime and DOS, as we predicted. The ob-

served band features should also be reflected in deep-level
pectra, especially in minority-carrier transitions. In addition
o the energy offsets, photovoltage spectra may hold quanti-
tative information on diffusion lengths at the various band
features. Qualitatively, it shows that these lengths are made
shorter as the particle energy increases.

and only perturbs the deep-level one. This transition is fro
the highest conduction band peak at theymmetry point to
the conduction band valley at thepoint (denoted transition
1). The next transition at the point is indirect and weak as

Il ition 2 at 2. The thi iti 2.42 eV, = n . .
well (transition 2 at 2.35 e)/ The third transition, at eV The implications of this work extend beyond the facilita-

corresponds to the next conduction band atXhgoint. Fi- : X .
nally, the strong steplike transition setting in at 2.66 eV anoﬂon of a band structure probe in §howmg that band structure
leveling off at 2.78 eV is the first direct gap transition at the as a clear role in the photovoltaic effect.

I" point, and is indeed strong as expected. AII.the .transitions ACKNOWLEDGMENT
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