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Surface photovoltage in heavily doped p™-GaAs with adsorbed cesium

and oxygen overlayers
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A new method for measuring the surface photovoltage based on the dependence of photoemission quantum yield
on the band bending has been developed. Using this technique, the evolution of photovoltage in heavily doped p*-
GaAs (6 - 10" cm™) under cesium and oxygen adsorption is studied. Reversible changes in photovoltage, which
differ qualitatively from those observed earlier on lightly doped p-GaAs, are presented. The observed behavior is
explained by the variations in surface recombination velocity during the formation and decay of two-dimensional

cesium clusters.
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It is known that the adsorption of cesium and oxygen
on the surface of heavily doped p™-GaAs is a possible way
to reach a state with an effective negative electron affinity
(NEA) x* = x — ¢s =~ —0.2¢V, where y is the affinity and
@s is the surface band bending. This state ensures a
high quantum yield of photoemission from p™-GaAs(Cs,0)
photocathodes [1]. The trapping of photoelectrons at surface
states leads to the emergence of photovoltage V (ie., to a
reduction in band bending due to partial screening of the
surface electric field [2]). The photovoltage raises effective
affinity x* and, consequently, reduces the quantum yield of
NEA photocathodes (especially under irradiation with high-
intensity laser pulses [3]). In view of this, the measurement
of surface photovoltage of p™-GaAs(Cs,0) is of interest for
examining the effects of surface trapping and recombination
of electrons on photoemission.

The evolution of photovoltage upon adsorption of cesium
and oxygen on the surface of p-GaAs has been exam-
ined earlier via photoreflectance spectroscopy for samples
with moderate doping (p~ 1.5-10" cm~3) and special
UP™" structures with a thin (30—100nm) undoped surface
layer [4,5]. It was found that when Cs and O, layers
are deposited sequentially, photovoltage V increases as a
result of adsorption of Cs and decreases following O,
adsorption. This behavior was attributed to exponential
dependence V(gs) [6] and adatom-induced variations of
the band bending: @s increases due to the formation and
charging of Cs-induced surface states after the deposition of
Cs and decreases due to the ,,passivation” of these states
when O, is deposited. The sensitivity of photoreflectance
spectroscopy turned out to be insufficient for examination
of the surface of heavily doped pt-GaAs(Cs,0) with a
doping level of p > 5 - 10'8 cm™3 typical of NEA photocath-
odes [6]; therefore, the issue of evolution of photovoltage
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upon adsorption of cesium and oxygen on such surfaces
remained open. A novel and more sensitive technique for
photovoltage measurement based on the dependence of the
quantum yield of photoemission on the band bending was
developed in the present study in order to clarify this issue.
The behavior of photovoltage revealed with the use of this
technique differs qualitatively from the one observed earlier.

The samples of pt-GaAs(001) for experiments were
grown by liquid-phase epitaxy and doped with zinc to
a level of p~6-10%cm™3. Atomically clean Ga-rich
surfaces were prepared by chemical removal of oxides in the
atmosphere of nitrogen and heating in vacuum at 760K [7].
The deposition of Cs and O, and all measurements
were performed at room temperature (T =295K) in a
vacuum chamber with a base pressure of 1078 Pa (Fig. 1).
The surface of a sample was irradiated with two light
beams / and 2 with the same wavelength 1; = 1, = 850 nm
and intensities P; ~ 0.1mW/cm? and P, =~ 1 mW/cm?
modulated at frequencies f; = 80Hz and f, = 1030 Hz.
Each beam generated photoemission current J;, and
surface photovoltage V;,. The influence of photovoltage
on effective affinity x* and, consequently, on the quantum
yield of photoemission resulted in the emergence of
photovoltage-induced photocurrent AJ at summary and
difference frequencies f, + f Amplitude AJ and
phase @ of this current were measured by sequential lock-in
detection of signals at frequencies f, and f .

Photocurrent AJ is a sum of two components corre-
sponding to the mutual influence of beams [/ and 2
modulation of photoemission current J; by photovoltage V,
and modulation of J; by Vi. An exponential dependence
of quantum yield Y on electron affinity x*, which holds
true for photon-enhanced emission of thermalized electrons
from pt-GaAs with a positive electron affinity (PEA) at



22 V.S. Khoroshilov, D.M. Kazantsev, S.A. Rozhkov, V.L. Alperovich

Monochromator

Vacuum chamber

J-V converter

Lamp
Modulator
AD
References
S N
LD; —> AJ

Lock-in detectors

Figure 1. Diagram of the setup. 1,2 — Light beams with their intensities modulated by frequencies f; . Photoemission current J; and
photovoltage-induced photocurrent AJ are measured by the system of lock-in detectors LD;_3.
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Figure 2. Evolution of photoemission current J; (7),
photovoltage-induced photocurrent AJ (2), and surface photovolt-
age V, (3) upon adsorption of cesium on a clean p™-GaAs surface.
The radiation wavelength is 850 nm.

A1 =2, =850nm [8], was used to calculate the photo-
voltage: Y oc exp(—x*/KT), where k is the Boltzmann
constant. It was also assumed that the photovoltage is low
(V12 < kT/e, where e is the electron charge) and thus
depends linearly on intensity Py [6]. The choice of equal
wavelengths 1; = 1, then ensured the equality of effects of
mutual influence of beams / and 2, since the magnitudes
of these effects are proportional to products J;V, and J,V|,
and each of these products is specified by the product of
intensities P;P,. Thus, photovoltage V, was calculated as

kKT A =«
V= — — .
e J; 4coso

(1)

Characteristic photovoltage relaxation time 7 was de-
termined in accordance with the following relation:
tan2¢p = 2x f,7.

Figure 2,a presents the dependences of photoemission
current J; and photovoltage-induced photocurrent AJ on
cesium coverage 6 (in monolayers, ML) upon adsorption on
the surface of pt-GaAs. Photocurrent J; increases with 6
and, as is known, reaches its maximum at & = 0.5 ML when
affinity x* is at its minimum [1,8]. The maximum of AJ
is observed at lower 6 and is specified by dependence
V2(0).  Photovoltage V, (Fig. 2,b) was calculated by
inserting ratio AJ/J; into formula (1). It is evident that
V, decreases monotonically as the Cs coverage increases.
The phase of signal AJ was ¢ =~ 7° within the entire
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Evolution of photoemission current J; (I), photovoltage-induced photocurrent AJ (2), their ratio AJ/J; (3), and

photoluminescence intensity |p;, (4) upon deposition of cesium and oxygen on the surface of p™-GaAs. The regions of oxygen deposition
are greyed out. Filled and open circles denote the moments when oxygen was ,,switched on“ and ,,switched off* respectively.

range of O = 0.2—0.5ML. This corresponds to photovoltage
relaxation time 7 ~ 40 us.

The deposition of cesium was continued after 6 = 0.5 ML
and combined with additional periodic oxygen deposi-
tion [1,5] (Fig. 3). It follows from Fig. 3,a that photoe-
mission current J; varies nonmonotonically in each cycle
of Cs and O, deposition, but increases in general due
to a reduction in the effective electron affinity down to
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the state with a NEA [1]. The evolution of photovoltage-
induced photocurrent is also non-monotonic: AJ decreases
after cesium deposition and increases after oxygen depo-
sition. Formula (1) is inapplicable in the determination
of magnitude of photovoltage V, in the NEA case, since
exponential dependence Y(x*) gives way to a linear one
in the PEA-NEA transition [9]. However, ratio AJ/J,
remains proportional to V, at low photovoltages V, < KT /e;
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therefore, the evolution of AJ/J; shown in Fig. 3,b
reproduces relative photovoltage variations. It can be seen
that the photovoltage decreases after cesium deposition and
increases after oxygen deposition.

This pattern differs qualitatively from the one observed
earlier for moderately doped samples [4] and UP* struc-
tures [4,5] where the photovoltage was instead maximized
after cesium deposition. This difference may be attributed
to the formation of two-dimensional metallic cesium clusters
on the surface of GaAs [10] that raise the rate of surface
recombination and, consequently, reduce the photoinduced
surface charge density and the photovoltage [2]. At the same
time, the deposition of oxygen results in destruction of Cs
clusters [10] and enhances the photovoltage. Note, however,
that the direction and magnitude of photovoltage variations
depended on the previous treatment of the p-GaAs(Cs,O)
surface. The data presented in Figs. 2 and 3 were obtained
after multiple cycles of deposition and thermal desorption of
a (Cs,0) coverage; notably, the photovoltage increased with
the number of cycles. The reasons for this remain unclear
and may be associated with the GaAs surface oxidation or
incomplete thermal removal of (Cs,O) layers.

Changes in the surface recombination rate induced by
the formation and destruction of Cs- clusters may be
detected by measuring photoluminescence intensity Ip_ [11].
Figure 3,c presents the evolution of lp, in a separate
experiment with the p*-GaAs surface irradiated with a
laser operating at a wavelength of 650nm. It is evident
that Ipy decreases when cesium is deposited. This is
indicative of an increase in the surface recombination rate
and agrees qualitatively with the proposed explanation. Note
that the magnitude of |py variations (~ 1%) is significantly
lower than the one for AJ/J; (~ 25%). This is apparently
attributable to the dominant influence of bulk recombination
(compared to the surface one) on the photoluminescence
intensity.

In our view, the direction of observed photovoltage
variations is reversed relative to those reported earlier [4,5]
due to the presence of two competing mechanisms af-
fecting the photovoltage induced by cesium and oxygen
adsorption: variations of the band bending and the surface
recombination rate. Band bending variations Ags depend
on the doping level via width w of the surface field
region: A@s x wAQs, where AQs is the adatom-induced
variation of the surface charge. With AQs being fixed,
Ags in pT-GaAs samples (p~ 6 - 108 cm™3, w ~ 10nm)
is several times lower than in moderately doped samples
(p~1.5-10" ¢cm~3, w ~ 60nm) [4] and UP* structures
(w ~30—100nm) [5]. Therefore, with band bending
variations on the p*-GaAs surface being suppressed, the
surface recombination rate may exert a dominant influence
on the photovoltage.

We note in conclusion that a new method based on the
dependence of photoemission current on the band bending
was used to examine the evolution of photovoltage on the
surface of heavily doped p™-GaAs (6-10' cm™3) upon
adsorption of cesium and oxygen. Reversible variations in

photovoltage between a low value after cesium adsorption
and a high value after oxygen adsorption were observed.
These photovoltage variations are reversed relative to those
reported earlier for structures with a lower doping level
and are attributable to changes in the surface recombination
rate, which are presumably associated with the formation
and decay of cesium clusters.
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