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Photovoltage-induced peaks shifts in photoelectron spectroscopy (PES) were recently shown to
be important in studies of semiconductor interface formation [M. H. Hecht, Phys. Rev. B 41,

7918 (1990)].

reduction in surface band bending, hence shifting the spectrum in energy.

In that process, the photons used to probe the sample were shown to cause a

In this paper it is

shown that the time dependence of the charging and discharging process can have an important
influence on experimentally observable phenomena. Since the charging process is very fast, the
effective photocurrent in a pulsed-synchrotron-radiation experiment may be orders of magnitude
higher than previously assumed. Using a simple model of the discharge profile it is shown that
the photovoltage persists on a time scale that is macroscopic under typical PES conditions. Final-
ly, a noncontacting method for determining equilibrium surface band bending is proposed.

Photoelectron spectroscopy (PES) is commonly used to
follow the movement of semiconductor energy bands dur-
ing adsorption or interface formation because it uniquely
determines both the surface potential and the chemical
environment without requiring electrical contact to the
front surface. The open-circuit nature of the experiment
is clearly an advantage in studying an incompletely
formed film, but it was recently demonstrated "'? that such
surfaces are often not in electronic equilibrium under
common experimental conditions. Under illumination
(including the low-level illumination of the PES source)
minority carriers are swept to the surface of the semicon-
ductor, flattening the bands. In order to remain in equi-
librium, an equivalent current of majority carriers must
flow to the surface. The supply of restoring current is lim-
ited by the depletion-region resistance, which depends ex-
ponentially on temperature. As a result, the charging is
most pronounced at reduced temperature.

In the earlier work, a simple theoretical model was
shown to account for the observed phenomena. The mag-
nitude of the photovoltage was calculated by equating the
photocurrent to the restoring current corresponding to a
Schottky barrier under bias.> The observed disappear-
ance of the photovoltage with increasing overlayer thick-
ness was attributed to a parallel conductance pathway
through the surface. In addition to explaining the recent-
ly observed temperature and doping dependence of the
band bending,* this model predicted a small but observ-
able shift with light intensity, an observable shift in the
overlayer Fermi level, a distinction between photovoltages
on discontinuous and continuous films, and a long time
constant for decay at reduced temperature. Each of these
phenomena has subsequently been observed. The Fermi-
level shift was, in fact, reported by Alonso, Cimino, and
Horn® simultaneously with the first report of the model.
The shift with light intensity,® the discontinuous film
effect,” and the long time constant® were reported subse-
quently. In addition, it was demonstrated that the model
holds over a wide temperature range for a clean, stepped
surface.’

The efficacy of using PES to study Fermi-level pinning
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in the initial stages of interface formation is limited in
many cases by the influence of the photovoltage. It, there-
fore, becomes essential to be able to predict the magnitude
of the photovoltage as a function of sample characteris-
tics, temperature, and photon source characteristics.
While PES is reliable under certain circumstances (low
barriers or high temperatures), other tools are required in
many cases of interest. The Kelvin probe provides a
means to measure work-function differences, but it is in-
trinsically difficult to separate surface dipole contributions
from band bending. It will become clear from the follow-
ing analysis, however, that measurement of the photovol-
tage decay profile itself provides an extremely sensitive
measure of the equilibrium band bending.

The establishment of the photovoltage at the onset of il-
lumination is a complex problem in carrier dynamics.
One such analysis was recently provided by Long et al.'°
For the present discussion, it is sufficient to assume that
the process occurs on the time scale required for minority
carriers to traverse the depletion region at the saturated
drift velocity. In the case of GaAs (p =10'%) with band
bending of 0.6 eV at the surface, for example, the de-
pletion region is approximately 300 A wide and the corre-
sponding transit time is 0.5 psec.® As a result, a sample il-
luminated for a period in excess of 10 psec can be con-
sidered to be in steady state.

The decay of the photovoltage upon cessation of il-
lumination was recently derived by Hamers and Cahill'!
in the interpretation of surface photovoltage measure-
ments using a scanning tunneling microscope (STM). A
more general derivation is presented here for application
to PES spectroscopy. The change in photovoltage with
time can be written in terms of the capacitance per unit
area C =dQ/dV and the restoring current J =dQ/dt as

v
t—to= VD%dV. (1

Within the depletion approximation,® the capacitance is
C=¢,/W=0(qe;Na/2Vy)'?, 6))

where V,;=V,—V —V, and V, is the Schottky-barrier
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height or, in the case of a free surface, the relevant band
edge measured with respect to the Fermi level. & is the
permittivity of the semiconductor, NV, is the bulk doping, ¢
is the electronic charge, and ¥V, is the bulk Fermi-level po-
sition with respect to that same band edge. All quantities
are defined so as to be positive in the general case.

The current J is defined according to conventional
Schottky-barrier theory® as

J=J.e" Eo(] —¢ —aVIkT) (3)

where Eq=kT/q in the thermionic emission limit. For
the present calculation, the saturation current J; is de-
fined for thermionic field emission as

J =A*T2 —(Vy—V,)/E,

xe KT (4 /kT) (RE ooV a) lcosh(gEoo/kT)]1 ™!,
(4)

where Eo=Eqocoth(gEo/kT), Epo=18.5x10""(N,/
m,s,)‘/z, A* is the modified Richardson constant, and
m, =m*/m, is the effective mass.

The importance of the rapid onset of the photovoltage
lies in the predominance of pulsed synchrotron radiation
as a photon source for PES studies. While the time struc-
ture of such sources is variable, typical pulse lengths are in
the range 100-1000 psec, with pulse frequency in the
range 1-100 MHz.'? The typical duty cycle is on the or-
der of 1%. Following the above discussion, the photovolt-
age can be treated in steady state during the light pulses,
and the peak photocurrent should therefore be used to cal-
culate the photovoltage rather than the average photo-
current which is commonly used.

The implications of using the peak rather than the aver-
age photocurrent are exemplified in Fig. 1. Using the
method of Ref. 1, the photovoltage corresponding to an
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FIG. 1. The photovoltage induced by synchrotron radiation

at an average power level of 10 ¢ A/cm? for GaAs (n=10"

cm ~3) and GaP (p =3x10'” cm ~3), both at room temperature.

The photovoltage, which is measured only during the light

pulses, is plotted as a function of the source duty cycle, and is

calculated by solving the steady-state photovoltage equations for

the peak photocurrent.
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average photocurrent of 10 ~% A/cm? is plotted as a func-
tion of the duty cycle of the source. For both cases shown
in the figure the photovoltage is insignificant under con-
stant illumination, but becomes very significant under
pulsed conditions. The two cases have been selected to be
representative of a large body of room-temperature stud-
ies of semiconductor surfaces. The upper curve has been
calculated for GaAs (n=10'") with midgap Fermi-level
pinning at the surface. The second case, GaP (p=3
x10'") with a surface barrier of 0.75 eV (Fermi level to
valence-band edge), represents the system studied by
Alonso, Cimino, and Horn.’> In that work the photovol-
tage was directly observed as an apparent Fermi-level
shift, and the reported result clearly corresponds to the
calculation for the pulsed source.

Substantial information about the surface potential can
be obtained by observing the decay of the photovoltage
following cessation of illumination. Such a measurement
was recently reported by Mao et al.® In that work, the
work function of Ag/GaAs was followed as a function of
temperature and time using a Kelvin probe. At 60 K the
authors reported a work-function shift of 400-450 meV
with illumination. Following the method of Ref. 1 it can
be shown that the power levels used in this experiment are
not sufficient to completely flatten the bands. It can be es-
timated, however, that the measured shift is consistent
with a barrier height of V) = 650 meV.

A photovoltage decay curve calculated for the condi-
tions reported by Mao et al. is shown in Fig. 2. The im-
portance of the decay curve becomes immediately obvious
by comparison of the three curves in Fig. 2, which corre-
spond to barrier heights differing by 10 meV. It can be
seen that, on the time scale of this measurement, the pho-
tovoltage also differs by 10-meV steps. An alternative
way to state this result is that the postillumination band-
bending profile ¥,(¢) is insensitive to the actual barrier
height V}, while the preillumination value is sensitive only
to V. The postillumination profile therefore establishes
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FIG. 2. Time-dependent photovoltage calculations for GaAs
(n=10'" cm ) at 60 K, on the time scale of Ref. 8. It can be
seen that the decay rate is extremely sensitive to the Schottky-
barrier height. Inset: Same result plotted for a logarithmic
times scale.
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the absolute band-bending scale.

This result suggests an extremely accurate method to
determine the equilibrium (unilluminated) barrier height.
Referring to Fig. 2, the zero on the photovoltage axis is es-
tablished precisely by the preillumination Kelvin probe
measurement. Having experimentally established the ori-
gin, the measured decay curve following a pulse of light
can be compared to the calculated family of curves to es-
tablish the barrier height. As a result of the exponential
nature of the decay, the degree of band flattening pro-
duced during the light pulse does not substantially
influence the measurement as long as it is sufficiently
large. Since this method does not require complete flat-
tening of the bands, it is far more reliable and generally
applicable than earlier methods.

Comparison to the preillumination level converts a rela-
tive measurement of ¥, to an accurate absolute measure-
ment. The proposed approach has the advantage that it
requires only a relative measurement of the surface poten-
tial, which both the Kelvin probe and the STM do quite
well. A few cautions exist with respect to the proposed
measurement. Since the photovoltage scales approximate-
ly ase —% T, the accuracy of the result is limited by the
accuracy to which the sample temperature has been deter-
mined. In addition, since the decay must be measured
with respect to the equilibrium (dark) value, it can only be
applied to a technique which measures potential without
illumination, such as the Kelvin probe or the STM. As
discussed below, the dark condition may not be obtainable
under some circumstances because photovoltages due to
previous light exposure may persist indefinitely. In addi-
tion, corrections to the theory used to model the decay
may be required to account for alternative conduction
mechanisms and the details of the carrier diffusion pro-
cess.

It can be seen from the inset in Fig. 2 that, even if the
bands were entirely flattened, decay to 0.45 eV would
occur in the first millisecond following illumination. The
inset also indicates that a significant photovoltage persists
well beyond the conceivable life of the experiment. In
practice, mechanisms such as surface conduction, ion ad-
sorption, or bombardment by low-energy electron sources
in the vacuum chamber will eventually discharge the sur-
face. The calculation does, however, support the specula-
tion of Mao et al.® that prior exposure of the sample to
light (e.g., during surface preparation) could prejudice
even an experiment performed under low light conditions.

The actual time scale over which the photovoltage de-
cay may be measured is a strong function of barrier height
and temperature. Hamers and Cahill,!' for example,
measured the decay of photovoltage on a Si surface
(n=10"" cm ~3) with a barrier of ¥, =0.6 eV. Even for
this relatively common system, the photovoltage decay
can be measured on a microsecond time scale at room
temperature. At slightly reduced temperatures (e.g., 200
K), the same measurement could be performed on a time
scale of seconds. In Fig. 3 a calculation is shown for the
Ag/n-GaP interface, which is reported by Alonso, Cimino,
and Horn® to have a barrier as high as 1.5 eV. It can be
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FIG. 3. Photovoltage decay for the GaP (n=5.8x10"7

cm ~?) interface with Schottky-barrier height ¥, =1.5 eV. Pho-
tovoltage is easily produced at room temperature during PES
measurement (see Ref. 5) and will not decay to zero even at
room temperature.

seen that, even at room temperature, a photovoltage
greater than 200 meV will persist for hours. At 100 K, no
appreciable decay of the photovoltage will be observed at
all. The dynamic barrier height measurement must be
performed above room temperature.

In conclusion, it has been shown that room-temperature
PES measurements of the surface potential of common
semiconductor systems may be affected by photovoltages
due to the pulsed nature of the synchrotron-radiation
sources. A simple method is presented for calculating the
time-dependent decay of a photovoltage at semiconductor
surfaces and at semiconductor/metal interfaces which
produces good agreement with experimental measure-
ments using PES and related techniques. It is proposed
that precise measurements of Fermi-level pinning may be
performed by comparing the preillumination potential of a
surface to the decay rate, using an instrument such as a
Kelvin probe or an STM which is capable of accurate rel-
ative measurements of surface potential. It is shown that
the photovoltage decay can be measured even at room
temperature for semiconductors with barriers in excess of
~0.5 eV. At reduced temperatures (or at room tempera-
ture if the barrier is sufficiently high) it is shown that the
photovoltage may persist indefinitely.

Thanks to D. Cahill for sharing their experimental re-
sults prior to publication. The research described in this
paper was performed by the Center for Space Microelec-
tronics Technology of the Jet Propulsion Laboratory, Cal-
ifornia Institute of Technology, and was jointly sponsored
by the Office of Naval Research and the Strategic De-
fense Initiative Organization/Innovative Science and
Technology Office, through an agreement with the Na-
tional Aeronautics and Space Administration.
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