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The interaction of ultrahigh-vacuum cleaved p-type WSe, (0001) (band gap E; =1.2 eV) with deposit-
ed Na has been investigated by photoelectron spectroscopy using synchrotron radiation and low-energy
electron diffraction. At room temperature (RT) the deposited Na diffuses into the bulk of the substrate
(intercalation) and creates a compensated degenerate n-doped WSe, surface layer. At low temperatures
(LT, 150 K) the deposited Na forms a metallic overlayer. For this condition a maximum surface photo-
voltage (SPV) of 0.8 eV is induced by synchrotron radiation. Annealing the sample at RT leads to a
reduction of SPV and to intercalation of Na. After recooling the sample to LT the synchrotron-induced
SPV is saturated (=1 eV). The experimental values of the SPV for the different degrees of intercalation
and temperatures are compared with theoretical estimates based on the expected values of the reverse
dark current of Schottky diodes and p-n homojunctions. These estimations indicate the detrimental
influence of the reverse dark current for the magnitude of the SPV response.

INTRODUCTION

The microscopic details of semiconductor-metal-
interface (Schottky-barrier) formation are frequently in-
vestigated by photoelectron spectroscopy (PES) preferen-
tially, with synchrotron radiation. PES provides spectro-
scopic information on the interface morphology (e.g.,
reactive versus nonreactive interfaces) and, in addition,
on the electric potential distribution across the barrier
(e.g., band-bending values and barrier heights), which is
directly derived from the energetic shifts of the semicon-
ductor photoelectron distribution curve (EDC) as a func-
tion of metal deposition. It was generally assumed that
an electronic equilibrium situation is analyzed that is not
disturbed by the photoelectron excitation radiation.
However, a number of recent results indicate that this is
not always the case.!”® The photoemission light source
may induce a considerable number of electron-hole pairs
within the semiconductor, which are separated in the
built-in electric field of the space-charge layer, reducing
the apparent value of band bending. The reported inves-
tigations on the photovoltaic effect in PES have indicated
its strong dependence on sample temperature, semicon-
ductor doping level, semiconductor band gap, and its
rather weak dependence on light intensity.! ~1°

The surface-photovoltage (SPV) effect induced by
external bias light illumination has frequently been used
to characterize semiconductor junctions (e.g., surface-
photovoltage spectroscopy) (see Refs. 11-17 and refer-
ences therein) also in combination with photoemission ex-
periments, 8720

Such bias-light-induced rebending of energy bands at
semiconductor junctions (surface photovoltage or photo-
voltaic effect) is a well-known phenomenon used in ener-
gy conversion and light-intensity measurements (see, e.g.,
Refs. 21-23). Its quantitative dependence on semicon-
ductor bulk and interface properties is important for the
optimization of light-energy conversion efficiencies.

Especially, electronic surface and interface states may
strongly influence the photovoltaic response of semicon-
ductor junctions as they function as efficient recombina-
tion centers. For this reason it is favorable to investigate
semiconductor interfaces which are chemically inert and
free of surface states. The layered semiconductors such
as WSe, are considered to be ideal substrates to study
fundamental aspects of metal-semiconductor interaction.
Their crystal structure is characterized by two-
dimensional sheets of covalently bound X-M-X
sandwiches which are separated from each other by only
weak bonding interactions (van der Waals gap). The
crystals can easily be cleaved across this gap; the result-
ing van der Waals plane (0001) contains a close-packed
hexagonal array of chemically saturated chalcogenide
ions. The ideal surface is considered to be free of surface
states.?* For this reason several investigations have been
performed with respect to Schottky-barrier formation
(see, for example, Refs. 20,25-29).

The layered compounds are known to insert alkali-
metal and other small atoms into the van der Waals gap
(intercalation).’* ™32 The alkali-metal intercalation reac-
tion is described by the rigid-band model.** The sub-
strate lattice remains undisturbed within the X-M-X
sandwich layer; therefore the electronic band structure is
retained. As has been shown recently, ultrahigh-vacuum
(UHV)-deposited alkali-metal atoms may be intercalated
in n-type WS, and p-type WSe, (Refs. 34 and 35) with
electron transfer from the alkali-metal to the conduction
band of the host. As a consequence a compensated de-
generate n *-type doped material is formed.”*** The in-
tercalation process is temperature-dependent,’> which al-
lows the transformation of the type of junction with tem-
perature.

In this paper we present results of low-temperature
(LT, 150 K) Na deposition on p-type WSe,, the transfor-
mation of the junction (intercalation) with temperature,
and the resulting junction properties. The room-
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temperature (RT) deposition results have already been
published in part elsewhere®® and will be presented for
comparison. The main emphasis of this study is to quan-
tify the nonequilibrium response due to illumination
(SPV). We are able to investigate the SPV response with
one single crystal covered with Na which changes from a
semiconductor-metal junction (p-type WSe,/Na) to a p-
n* homojunction in dependence on sample temperature.
The clean surface and the adsorbate-induced changes
were mainly investigated by photoelectron spectroscopy
using synchrotron radiation of the BESSY storage ring.
The results obtained for this specific semiconductor-
metal interface may be related to other semiconductor-
metals barriers, in which interdiffusion of the adsorbed
metals cannot be excluded entirely.

EXPERIMENT

Single crystals of p-type WSe, were prepared by sub-
limation with excess Se in sealed quartz tubes which leads
to p-doped material (doping density 107 cm™3).3¢ Typi-
cal dimensions of the crystals were 5X5X0.1 mm®. The
crystals were attached to a Cu sample holder by Ag
epoxy and cleaved in UHV. Perfectly clean, mirrorlike
(0001) surfaces can be obtained by this procedure. The
cleavage plane shows a bright (1X1) hexagonal low-
energy-electron-diffraction (LEED) pattern on a very low
diffuse background as expected for the (0001) plane. Per-
fectly cleaved semiconductor samples do not show any
band bending (flatband conditions) as deduced from the
position of the valence-band maximum with respect to
Ef (determined by the Cu sample holder or a Au refer-
ence). In addition, they show only small spectral shifts
with decreasing sample temperature (<0.05 eV). The
given temperatures were determined by a thermocouple
in contact to the sample holder. Na was deposited from
SAES getter sources with typical currents of 7.5 A at
room temperature (RT) and 7 A at low temperature (LT).
From a consideration of producer-supplied information
and the geometric conditions of the Na source, exposure
time of about 10 s at 7.5 A corresponds to one monolayer
equivalent dose. For RT conditions a Na-to-WSe, inten-
sity ratio of 1 is obtained after 9-min deposition time
(considering theoretical cross sections’”).

The photoemission experiments were performed in an
angle-resolving electron spectrometer (VG ADES 500,
normal emission). The base pressure of the UHV system
was below 1X 107! mbar. No oxidation of the deposited
Na was detected during the experiments. As excitation
source synchrotron light [BESSY storage ring, TGM 7,
hv=280 eV (Ref. 38)] was used. The photoelectron spec-
tra were calibrated versus the Fermi edge of metallic
samples (Cu, Au) which were cleaned by Ar-ion etching
before cleaving the crystals. A negative bias voltage of 6
V was applied to the sample to ensure a reliable deter-
mination of the sample work function.

RESULTS

The photoemission spectra of the cleaved surfaces
show sharp W 4f emission lines [full width at half max-

imum (FWHM)=0.3 eV] and slightly broader Se 3d lines
(FWHM= 0.39 eV). The valence-band spectra show the
onset of photoemission (valence-band maximum Evyg) at
0.1 eV below the Fermi level E, which is consistent with
the doping of the sample and flatband conditions after
cleavage. The work function ¢ for different samples is
determined from the secondary electron onset as 5.2+0.3
eVv.

During RT deposition the WSe, core levels (Fig. 1) and
valence-band features remain unchanged with increasing
Na deposition compared to the clean surfaces. We do not
detect any sign of an exchange reaction of Na with the
substrate which would lead to chemical shifts of the
core-level emission lines. The Na 2p emission (Fig. 1)
grows in as a broad line (FWHM=1.2 eV) which is iden-
tical to the spectra obtained for Na inserted into SnS,.%

The changes of surface potentials (shift of the binding
energy AE, and work-function change A¢) in the course
of Na deposition at RT are summarized in Fig. 2. The
substrate binding energies are increased with increasing
Na coverage, which indicates a movement of the Fermi
level from a position close to the valence band towards
the conduction band. The saturation value of AEp of
0.85 eV has to be related to the band gap of 1.2 eV (Ref.
39) and the distance Ez —Eyg of 0.1 eV. We did not ob-
serve the formation of a clear Fermi edge for these condi-
tions; for this reason we could not determine whether any
SPV is induced by the probing light. It is possible to in-
duce a SPV of 0.2 eV reducing AE by illuminating the
sample with white bias light (W/halogen lamp, 100
mW/cm?). As the maximum SPV value can be estimated
to be below 0.25 eV, which is the difference
E;—AEp—(Er—Eyg), we may conclude that no SPV is
generated by the synchrotron light.

The work function ¢ is continuously reduced as a func-
tion of Na dose; after 6-min gradual deposition [I(Na-
W)=13% considering theoretical cross sections’’] it is
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FIG. 1. Photoemission lines of the W 4 and Na 2p core lev-
els during Na deposition on WSe, at RT. The spectra were tak-
en with synchroton light (photon energy 4v=80 eV) and given
in kinetic energy (a negative bias voltage of 6 eV was applied).
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FIG. 2. Changes of surface potentials in the course of Na
deposition at RT. The binding-energy shift AEy is deduced
from the W 4f core levels; the work-function change A¢ is given
by the shift of the secondary-electron onset. The electron
affinity is calculated as A¢ —AEp.

decreased by 1.2 eV to a final value of about 4 eV. This
value is composed of a Fermi-level shift AE; of 0.85 eV
and an additional contribution of an electron affinity
change of 0.35 eV due to the Na-induced surface dipole
change. It is considerably different from the value re-
ported for metallic Na (¢y,=2.75 eV). 4041

We performed LEED experiments after different
amounts of deposited Na in a subsequent experiment. A
change in the hexagonal LEED pattern of the (0001) sur-
face was not observed; only the diffuse background was
slightly raised. Evidently the structure of the X-M-X
sandwich layer remains unaffected. A sodium-induced
superstructure was not formed for our experimental con-
ditions up until dosages exceeding 9 min.

In Fig. 3 we present the photoemission spectra of the
W 4f and Na 2p levels in the course of Na deposition at
low temperatures (150 K). First only the changes of spec-
tral features will be discussed. The energy shifts due to
changes of surface potentials (AEg, A¢, and SPV) will be
considered later. The Na 2p levels show for small cover-
ages only a very weak and rather broad emission feature.
In contrast to the RT results, a sharp emission line of Na
grows in for higher deposition times (> 6-min
FWHM=0.5 eV), which is related to the formation of a
metallic Na overlayer. It is known from alkali-metal
deposition on different substrates that sharp emission
lines of the alkali-metal overlayer are obtained for metal-
lic multilayers.?”** The attenuation of the substrate
emissions indicates that the overlayer grows in the form
of clusters. When the sample temperature is raised to
300 K, the intercalation of the metallic Na overlayer into
the substrate sets in and is completed within 8 h. This is
deduced from the transformation of the Na 2p levels to a
broad emission peak shifted to higher binding energies
(Fig. 3), which corresponds to the room-temperature
deposition results (Fig. 1). The substrate emission lines
are not significantly affected. Only the FWHM is in-
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creased by about 200 meV for the W 4f and the Se 3d
lines during all experimental sequences described above.
For the transformed interface the stoichiometry is es-
timated from the intensities as Na, WSe, (x ~0.1).

In Fig. 4 the valence-band region of WSe,/Na is shown
for significant experimental conditions. Due to the for-
mation of the metallic overlayer at LT the valence-band
features decrease in intensity and change their shape.
After annealing at RT and intercalation of the metallic
Na overlayer the original WSe, spectrum is restored
again (with a small change in the intensity pattern). A
Fermi edge is clearly established in the LT valence-band
spectra containing the metallic Na overlayer (see the in-
set in Fig. 4). For the intercalated Na/WSe, we were not
able to determine a clearly developed Fermi edge.

The secondary-electron onset shows two different
cutoffs. The lower one increases in intensity with increas-
ing Na coverages at LT deposition and is therefore relat-
ed to the contribution of the metallic Na deposits. The
corresponding work function ¢ is determined as 3.5 eV.
When the shift of E, due to the SPV (0.8 eV, see later) is
subtracted this number is close to the reported value of
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FIG. 3. Synchrotron-induced photoemission spectra for the
W 4f and Na 2p levels in the course of Na deposition at low
temperatures LT (150 K) and during annealing. The spectra are
taken with a photon energy of Av=280 eV and given in kinetic
energy ( a negative bias voltage of 6 eV was applied to the sam-
ple).
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metallic Na (¢y,=2.75 eV).*>*! During RT annealing ¢
increases to 3.8 eV which agree reasonably with the value
obtained in the RT deposition experiments.

By RT annealing the Na/WSe, metal-semiconductor
interface is transformed to the same intercalation layer
that is readily formed at RT deposition. We will now
consider the shift of the Fermi level during LT deposition
and subsequent RT annealing and recooling in more de-
tail. The LT alkali-metal-induced binding-energy shifts
are plotted in Fig. 5(a) in the course of Na deposition.
After an initial strong Fermi-level shift for small Na cov-
erages, which corresponds to a downward bending of en-
ergy bands as expected for p-type WSe,/Na interfaces,
the energy position for higher Na coverages shifts back
towards the initial position observed for the clean sur-
face. For these conditions the Fermi edge of the Na over-

- VB .

8h later

A
4 %Tﬂsox
% !

10 min Na

|
F 10 min Na | B
'1'=3llOK 8h later

intensity (arb. units)

86 87

1
I
1
1
o
1
1
|
!
4 ! L
H ! 1
T=150K . Cu ref
LA :
1 d % ‘ A A
cleave ?
& % !
ﬁl kin. energy (eV)
L L L

80 85 90
kinetic energy (eV)

FIG. 4. Valence-band spectra of WSe,/Na shown for specific
and significant experimental conditions of the interface as
defined in Fig. 3. Changes in Fermi-level position by generating
a surface photovoltage are shown in the inset (the arrow indi-
cates the Fermi-level position for the copper sample holder).
The upper two curves show the photoemission spectra after an-
nealing at room temperature and after recooling. The spectra
are taken with a photon energy of #v=280 eV and are given in
kinetic energy (a negative bias voltage of 6 eV was applied).

3541

layer is found 0.8 eV above the Fermi edge of the metallic
Cu sample holder (reference level; see the inset in Fig. 4).
We also include the movement of the Fermi edge of the
Na overlayer into Fig. 5(a). This negative shift of the
Fermi edge binding energy from its reference level
(Eg=Er=0 eV) is related to the buildup of the SPV
response induced by the synchrotron radiation. It is evi-
dent from this plot that also the reverse shift of the sub-
strate core-level emission lines is due to the SPV. Its
magnitude is considerably larger compared to the values
observed by other authors,! ™ especially when the low
band gap of WSe, of 1.2 eV and moderately low sample
temperatures are considered.

By increasing the sample temperature the SPV is grad-
ually reduced, shifting the EDC back to the expected
value for strong band bending [Fig. 5(b)]. Simultaneously
the interface is transformed due to the intercalation of
the metallic Na deposits. As a consequence the WSe,/Na
Schottky barrier is transformed to a diffused WSe, p-n*
homojunction. At this stage an additional SPV of 0.25
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FIG. 5. (a) The alkali-metal-induced binding-energy shift of
W 4f and the SPV derived from the shift of surface Fermi-edge
position plotted against the Na deposition time (T"=150 K). At
10-min deposition time the Fermi edge of the Na overlayer is
found 0.8 eV above the Fermi edge of the metallic sample hold-
er Ex=0 eV ( reference level; see also the inset of Fig. 4). (b)
Temperature-dependent binding-energy shift of W 4f of p-type
WSe,/Na (10-min deposition) plotted vs temperature T during
annealing to 310 K (filled squares) and during recooling down to
150 K (open squares).
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eV can be induced by an external white light source of
high power (100 mW/cm?).

After annealing the sample overnight (8 h) the
synchrotron-light-induced SPV is at least 0.5 eV at RT.
When the sample temperature is decreased again to 150
K the spectral features do not change any more. But we
observe a SPV induced by the synchrotron light which is
even larger as obtained before the room-temperature sur-
face transformation occurred [Fig. 5(b)]. We approach
for the core-level emission lines the binding-energy posi-
tion before starting the alkali-metal deposition. Evident-
ly it is possible to saturate the SPV under these condi-
tions, completely rebending the energy bands (SPV =1
eV). As the experimental conditions were identical in all
experiments (besides the reported temperature variations)
the strongly affected SPV response is evidently due to
considerably changed junction properties.

DISCUSSION

Electronic structure of the intercalated Na, WSe,

The electronic structure of transition-metal dichal-
cogenides intercalation compounds have been discussed
in many review articles and books (see e.g., Refs. 30-33
and 45). However, only very few self-consistent band-
structure calculations have been published so far: on
LiTiS, (Refs. 46 and 47) and MTaS, (M =Sn,Pb,Ge).* In
addition, most of the intercalation studies have been
directed to the group-IV B and -V B dichalcogenides and
only a very limited number of physical studies have been
reported for group-VI B dichalcogenides as for its proto-
type compound MoS, or WSe2.49 In a first and reason-
able approximation the intercalation process of, e.g.,
alkali-metal can be described for most transition-metal
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dichalcogenides in terms of the rigid-band model (see,
e.g., Refs. 32 and 33). The structure of the two-
dimensional X-M-X sandwiches remains mainly undis-
turbed by intercalation. In dependence on its size the
alkali-metal ion occupies the octahedral or trigonal
prismatic coordination sites in the van der Waals gap.
The s electron of the alkali-metal is nearly completely
transferred into the unchanged empty electron bands of
the dichalcogenide host material: the inserted alkali-
metal is oxidized and the metal dichalcogenide layer is re-
duced. The electronic properties of the resulting inter-
calation phase is thus dependent on the electronic band
structure of the host material for which a large number of
calculations exists (see, e.g., Refs. 50 and 51).

There is no evidence for any structural changes of the
Na intercalated WSe, as is derived from our LEED re-
sults and the photoelectron spectra. Therefore we would
like to interpret our photoelectron spectra obtained from
the Na-intercalated WSe, based on the rigid-band model.
In Fig. 6 we show the density-of-state (DOS) distribution
of MoSe,, which was obtained by self-consistent band-
structure calculations.’? In addition, we show a schemat-
ic DOS (Ref. 33) with the main atomic orbital contribu-
tion of the respective band and the number of available
electron states per formula unit. The valence-band max-
imum in WSe, is derived from the W 5d , level. For this
semiconducting compound the d , level is completely
filled with electrons. It is only half filled for the more
often studied metallic group-V B dichalcogenides. The
Fermi level is situated 0.1 eV above the valence-band
maximum for the p-doped sample. After intercalation of
the deposited Na the conduction band, which is mainly
derived by the W dey,xz—yz levels will be partly filled by

the electrons from the alkali metal. Based on the deter-
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FIG. 6. Schematic density of states (left) for WSe, (occupied states are hatched) and Fermi-level position before (Ef) and after in-
tercalation (E). For comparison the calculated density of states for the isoelectronic MoSe, (Ref. 52) is shown on the right. Depict-
ed is the total and partial (hatched) Mo-derived density of states.
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mined Na stoichiometry (Na, WSe,, x =0.1) we expect an
occupation of this band with about 0.1 electron per for-
mula unit, which is 1/40 of its capacity. This number
translates to an approximate electron density of 10%!
electrons/cm?, which transforms the intercalated surface
phase to a strongly degenerate n - type semiconductor
or semimetal. The Fermi level is situated within the orig-
inal conduction band (Fig. 6). As a consequence the
alkali-metal-intercalated group-VI B dichalcogenides
should show increased (metallic) conductivity, which has
been proven experimentally.*’

Barrier properties

In this subsection we would like to discuss the conse-
quences of Na intercalation for the optoelectronic junc-
tion properties. At low temperatures (150 K) it is evi-
dently possible to freeze the in-diffusion of the Na atoms.
A metallic overlayer is formed (Fig. 7, left); we deal with
a Schottky barrier. At RT the alkali metal is intercalated
and a degenerate n-type doped surface layer is formed;
the barrier resembles a p-nt homojunction (Fig. 7,
right ).

It is not possible to discriminate strong band bending
and the redoping of the surface layer from the shifts of
the photoemission spectra in the RT results (Fig. 1). For
p-type semiconductors strong downward bending of ener-
gy bands as well as compensation doping to n type will
lead to comparable shifts of the Fermi level with respect
to the valence-band maximum.

However, the LT results clearly indicate the differences
in junction properties, especially when the magnitude of
the SPV is evaluated. In order to evaluate the
synchrotron-induced SPV for the two different kinds of
junctions, a simple estimate is performed.

For idealized solid-state junctions the open circuit pho-
tovoltage U, corresponding to the SPV is given by?! ~23

Uw=(KT /e)n(iyy /ig+1) .

In a simple model the photocurrent density i, is deter-
mined by the incident photon density I,, the bias-
dependent width of the space-charge layer W, the light
absorption constant a, and the diffusion length L, of the

p-type WSeZ/Na(metal)
T=150K
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minority carriers in the field-free region (Gartner mod-
el)*

__exp(—aW)
alL,

1

lph=IO

In our case W is approximately 1000 A, a is in the range
of 10°cm™!, and L, is about 1 nm,>* therefore the photo-
current is directly given by 1.

The number of incident photons I, due to the syn-
chrotron light was estimated from the measured pho-
toelectric yield current on a gold film as 4X10'!
photons/s. The light spot on the sample was determined
to be about 0.3X1.5 mm. Assuming a quantum
efficiency of E, /3E; =22 (Ref. 55) for electron-hole-pair
generation per photon (using synchrotron light of Av=280
eV) and negligible bulk recombination we get 2X 10"
electrons/s' cm?, which corresponds to the photocurrent
of i,,=3X107* A/cm’.

For steady-state condition at open circuit the majority
carrier dark current i; counteracts the electron-hole sep-
aration in the electric space-charge layer, which is re-
sponsible for the photovoltage effect. Its magnitude is
dependent on the mechanism of charge injection from the
semiconductor to the contact phase. For ideal
semiconductor-metal interfaces this reverse current is
determined by the thermionic emission of the charge car-
riers over the barrier (neglecting the smaller contribu-
tions of field emission through the barrier for doping lev-
els below 10'7 cm~3):!

ig=A*T?xp(—q®p/kT)

(A*=4mgm*k*h 3 is a modified Richardson constant;
@, is the experimentally determined Schottky-barrier
height). For p-n* homojunctions formed by intercala-
tion, the dark current is given by the diffusion model?! as

iy =qup,,0 /L,+gD, npo/L,,
[D,=q 'kTp, is the diffusion constant (Einstein rela-

tion), u, is the hole mobility, p, =(NcNy/

Nplexp(—Eg /kT) is the minority carrier concentration
(no voltage applied), N, N are the effective densities of

p-type WSeZ/n+—type WSeZ(Na intercalated)
T=150K

Ecp

FIG. 7. Schematic picture of the junction formed by exposure to Na for different preparation conditions. Left: Schottky barrier;
right: p-n homojunction after indiffusion of Na. The junctions are shown for nonequilibrium conditions at low temperatures.
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states at the band edges, L, is the diffusion length, and in
analogy for the n-type doped side of the semiconductor,
other symbols were used in the usual meanings].

In Fig. 8 the calculated and experimental values of U,
for Schottky diodes and p-n * homojunctions are plotted
against the temperature 7T, using u, =236 cm?V " !s™ 1
p,=105 cm?’V7!'s7l  N.=N,=1x10" cm 373
L,=0.1 um (value for low-Ohmic p-type WSe,), and
L,=0.6 um (averaged value for high-Ohmic n-type
WSe,).>® In addition, the temperature dependence of the
band gap is taken into account and a linear dependence
with the slope dE; /dT=0.46 meV is assumed.’® Eg can

now be written as
Eg=(1.36—4.6X1074T) eV .

The important parameter for the maximum and
minimum curves of U, is the effective mass of holes m *
in the case of Schottky diode behavior and NN /Np in
the case of p-n homojunction behavior, as precise values
for these quantities are not known.

It should be noted that the assumption of ideal solid-
state junctions may be questionable. Deviations from
ideal junction properties such as, e.g., space-charge
recombination and/or field-assisted tunneling processes
due to band-gap states, would increase i, and thus de-
crease Uph (e.g., Ref. 21). On the other hand, the model
is based on charge-carrier recombination velocities close
to infinity within the metal overlayer, which might not be
the case for metal clusters noncontinuously covering the
surface. Slower recombination rates would increase the
surface photovoltage.?!

The theoretical estimate of the SPV effect indicates
that the thermionic emission model of the Schottky junc-
tion reasonably describes the results of the nonintercalat-
ed junction. After annealing at RT and intercalation, the
diffusion model of a p-n homojunction holds. During
recooling, the experimental values of U,, are clearly
above the experimental values before annealing the junc-
tion. At 150 K, Uphz 1.0 eV, which is a value clearly
above the maximum SPV expected for a Schottky junc-
tion.

The higher SPV response of the p-n homojunction due
to the intercalated phase (compare Fig. 8) mainly results
from lower reverse dark currents (< 1/1000) compared to
semiconductor-metal junctions.?*?* In addition, it should
be noted that the theoretical estimates given an upper
limit of expected SPV response. Real junctions exhibit
additional temperature-dependent loss mechanisms (see
Refs. 36 and 57) which would shift the theoretical curves
closer to the experimentally determined SPV values.

SUMMARY AND CONCLUSIONS

In this paper we have presented experimental results
showing that the intercalation of layered compounds can
be investigated in situ by UHV techniques. The alkali-
metal intercalation of WSe, follows the rigid-band model:
the extra electron of the alkali metal is transferred to
unoccupied electron states of the host material. As a
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FIG. 8. Experimental values of the surface photovoltage
(SPV) during annealing and recooling the junction p-type
WSe,/Na (10-min deposition) compared with theoretical curves
estimated for Schottky diodes (open squares) and p-n* homo-
junctions (open circles). For details of the calculation see the
text. The filled squares represent the SPV after deposition at
150 K and during annealing up to RT. After annealing at RT
and during recooling the values of SPV are significantly in-
creased (filled circles).

consequence the p-type doped WSe, substrate is
transformed to an n "-type doped surface layer. At low
temperatures the Na intercalation is frozen out and a Na
overlayer is formed. Therefore we could investigate a
semiconductor interface, which changes its character as a
function of temperature. In the center of our interest was
the magnitude of the SPV effect for the different condi-
tions of the interface. After intercalation the SPV in-
duced by synchrotron radiation was strongly increased
due to the transformation of the Schottky barrier to a p-
nt homojunction. In conclusion, our results have
demonstrated the importance of the junction properties,
especially the dominant mechanism of charge injection
for the surface photovoltage response. The most crucial
parameter is the reverse dark current i, which may vary
by many orders of magnitude for different injection pro-
cesses.?! 723 For this reason a measurement of the SPV
effect is a very sensitive tool to characterize the interface
of semiconductor junctions also in UHV experiments.
Such nonequilibrium measurements allow one to discrim-
inate much more easily differences of junction properties
as in the usually applied equilibrium measurements.
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