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Photoemission study of the Na/ZnS@.00) interface
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We report on a comprehensive study of the ZnSe(18@xX 2)-Na interface using x-ray and UV photo-
emission, and x-ray-induced Auger spectroscopy. Spectra were taken after stepwise Na deposition onto a clean
c(2x2)-reconstructed Zn$00 surface at room temperature up to a saturation coverage of about 1 ML of
Na and after annealing. Based on the analysis of Auger parameters and of the relative intensity evolution of
various Na, Zn, and Se species, we present the following model for the ZnSe¢(®R)2)-Na interface:
below a coverage of 0.5 ML, Na is adsorbed on Zn vacancy sites; above 0.5 ML, a cation exchange reaction
occurs between Na and Zn atoms; Zn atoms segregate on top of the Na overlayer forming metallic Zn. In
addition, band-bending, surface dipole, valence-band and surface states will be discussed.
[S0163-182699)02336-X

[. INTRODUCTION semiconductor surfaces using photoemission have concen-
trated on 3goup-lv and -111-V semiconductors, particularly Si
ZnSe is one of the important 11-VI semiconductors due toand GaAs:” To our knowledge, there are no photoemission

its application in optoelectronic devices. The metal-ZnSe inStudies on alkali/ZnSe interfaces yet. Moreover, previous

terface is an important aspect for such devices. PhotoemiSiudies on interfaces of alkali/Si, alkali/GaAs, chave

sion studies of metal-ZnSe interfaces provide microscopic Wn that only approximately 1 ML of alkali atoms can be
grown on semiconductor surfaces at room temperature. Fi-

insight into the chemical and electronic properties of the : : . . :
) " . nally, it appears feasible to identify semiconductor surface
interface'= Moreover, the deposition of alkali metals on y bp fy

: . . X ! states from valence-band spectra by Na exposure.
solid surfaces is extensively employed in technological pro- | this paper we report on an x-ray photoemissix®S)

cesses. For example, alkali meta_ls_ adsorbed on semicond_u[gv photoemission(UPS, and x-ray-induced Auger spec-
tor sun_‘ace_s were sh_oyvn to be eff|C|e_nt catalytic promoters ifroscopy(XAES) study of the room-temperature evolution of
the oxidation and nitridation of semiconductdrsin addi-  the ZnSe(100)e(2x 2)-Na interface. We begin with a dis-
tion, alkali metals can also be used to control band offsets aiussion of the chemistry of Na/ZnSe interfaces at room tem-
heterojunctions, as was experimentally shown for theperature. Based on the Auger parameters and the relative
SiO, /Si interface doped with a Cs interlayr. intensity evolution of various Zn, Se, and Na species, we
Alkali-metal/ZnSe interfaces are of particular interest forconclude that the Na/ZnSe(10@)2X 2) interface is reac-
several reasons. First, substitutional alkali atoms in ZnSé¢ive with the appearance of a “metallic” Zn species at Na
serve as acceptors. Up to now, it has been a puzzle that tisaturation coverage, while the Na species remain nonmetallic
compensated acceptor concentration of alkali-doped ZnSeven at saturation coverage. The valence bands of the Na/
can hardly exceed 0cm=3.” The electronic and chemical ZnS&100) interface exhibit a metal-like Fermi cutoff due to
information on alkali/ZnSe interfaces, as extracted from phothe formation of Zn clusters. Quantitative XPS analyses in-
toemission spectra, is expected to be very useful for an urflicate that Na can be deposited on the ZnSe(l(@)x 2)
derstanding of this puzzle. Second, the Zn-Se bond has g/rface at room temperature up to saturation coverage (
relatively large ionic character. The heat of formation ofML of Na), and that the growth of Na on ZnSe(106(2
ZnSe(-163 kJ/mo is nearly twice as large as that for the X 2) consists of two stages which are separat{-zd by a critical
covalent semiconductors GaAs and 1688 and -88.7 ky/ Na coverage of 0.5 ML. Below 0.5 ML of sodium is prob-
mol, respectively® Comparison with these materials may ably adsorbed on Zn gltes, while above_ 0.5 ML a reaction
then provide insight into reaction pathways and interdiffu-0ccurs. for which an interface model is suggested. Band
sion. For example, the Au/GaAs interface is reactive, Ieadin%_endmg’ surface dipoles, apd F_erml-level pinning will be
to some exchange of atorfisyhile the Au/ZnSe interface iscussed. Finally, we shall identify a peak in the ZnSe va-
remains abrupt mainly due to its different cohesive enérgy./€nce band as a surface state.
Third, alkali-metal overlayers have been regarded as model
systems for metal-semiconductor interfaces due to their
simple electronic structure and their chemically active na- The experiments were performed on undoped ZnSe layers
ture. The most extensive studies on alkali adsorbates ofapproximately 1 mm thickgrown by molecular-beam epi-

Il. EXPERIMENTAL DETAILS
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taxy (MBE) on undopedn-type ZnS¢100 single-crystal ZnSe(100)-c(2x2)-Na
substrates. Such substrates were also employed for the Zn 3d
growth of ZnSe-based light-emitting diodes in order to avoid
stacking faults. Structural defects as observed for MBE-
grown ZnSe on GaAs substrates are believed to be the key
factor which presently limits the useful lifetime of II-VI
light-emitting diodes and laser diodes. Clean Z{196) sur-
faces withc(2X2) reconstruction, as monitored by low-
energy electron diffractiodLEED), were prepared by sput-
tering with 1-keV Ar" ions and subsequent annealing at
400 °C for 20 min in UHV. Photoemission experiments were
performed in a modified VG ESCALAB Mkl{base pressure

8x 10 mbap. For XPS and XAES studies Mg« and Al

Ka radiation were employed and for UPS studies iHend

He 1l radiation were employed. All photoemission spectra
were recorded at normal emission angle except where speci-
fied. All binding energies are given with respect to the Fermi
energy of a sputter-cleaned Au foil in electrical contact with
the ZnSe sample and the spectrometer. Throughout the ex-
periments, possible charging artifacts were eliminated by il-
lumination with a halogen lamp.

Na was thermally evaporated out of carefully outgased
alkaline dispenser elementSAES gettersand successively FIG. 1. Hel excited photoemission spectra of the Zd [@vel
deposited onto the ZnSe(108)2x 2) surface at room tem-  of the ZnSe(100)e(2x 2) surface after stepwise Na deposition at
perature. XPS and UPS were measured in several evaporgrom temperature. The Znd3surface-shifted component on the
tion series in order to avoid any contamination. An abso-igh-binding-energy side disappears-a0.5-ML Na coverage. A
lutely accurate determination of the alkali coverage appeargew zZn 3 component on the low-binding-energy side appears in-
to be difficult since a quartz microbalance cannot be used tetead. The dotted curves represent Voigt fits to the experimental
calibrate the alkali film thickness due to the relatively low data.
sticking coefficient of alkali atoms at room temperature. The
Na coverage in this paper was determined by comparing thghe high-binding-energy side is attributed to a surface-shifted
absolute Na & peak intensity on Zn§&00 with that of a  zn 3d component. The surface core-level shift is 0.84 eV,
saturated Na monolayer on [{L1), which is known from a  which agrees with that given in previous publicatidfhs?
detailed quantitative study 1 ML of Na in the ZnSe case With increasing Na coverage, the intensity of the surface
corresponds to an alkali coverage, for which the wholecomponent decreases, and the zhi8ilk component shifts
ZnSe100) surface is covered by Na atoms in direct contacttoward higher binding energy due to a downward band bend-
with the substrate (adsorbate density 6.%710"*  ing in the ZnSe substrate. Above a Na coverage of approxi-
atoms/cm). Such a calibration is accurate only within mately 0.5 ML the Zn 8 surface component vanishes com-
=10% mainly due to instabilities of x-ray source, samplepletely, while the Zn 8 bulk component begins to shift
position, and surface. The Zrp2and Zn 31 core-level spec- toward lower binding energy indicating an upward band
tra were decomposed into bulk and surfécgerface com-  bending. Simultaneously, the intensity of the Zd Bulk
ponents using &2-minimization procedure. This employs a component decreases significantly due to the altered over-
symmetric Voigt line shape after subtraction of a cubic poly-layer and the short mean free path of photoelectrons with a
nomial background? The Zn 2» components could be fitted kinetic energy of~25 eV. Moreover, a new Zndcompo-
with a Lorentzian of width 0.66 eV and a Gaussian of widthnent appears on the low-binding-energy side above 0.5 ML
1.13 eV, including the instrumental broadening of the x-rayof Na coverage. Its intensity increases with increasing Na
source and spectrometer. The Zd 8omponents measured coverage. Similar to Na/Si and Na/Ga¥sthe Na coverage
with UPS could be fitted with a Lorentzian of width 0.15 eV, also shows a saturation at about 1 ML, as will be discussed
a spin-orbit splitting of 0.31 eV} and a branching ratio of |ater. This new Zn 8 component indicates the existence of a
1.5. “new” Zn species. From its observation we conclude that

the ZnSe(100)c(2X 2)-Na interface at room temperature
Ill. RESULTS AND DISCUSSION undergoes a reaction above a critical Na coverage:0f5
ML. In addition, LEED measurements show the loss of the
c(2X2) superstructure spots with increasing Na coverage,

The Hel excited photoemission spectra displayed in Fig.while the X1 spots become weak, directly indicating that
1 show the evolution of the ZndBshallow core level after the long-range order in the overlayer is lost.
successive Na deposition on the Z(B¥) surface. The Figure 2 shows the evolution of the Zmpz, level with
spectrum of the clean ZnSe(100f2%x2) surface shows Na deposition. For the clean surface a major, slightly asym-
two components, which have been extensively studiednetric peak at 1022.9 eV representing the Zn bulk atoms is
before!*® The prominent component at 10.8 eV corre- observed, which probably also contains a surface-shifted
sponds to contributions from bulk atoms. The shoulder orcomponent on the high-binding-energy side. However, due
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FIG. 2. Mg Ka Zn 2p3, spectra of the ZnSe(100)¢2x 2)
surface after stepwise Na deposition at room temperature. Near Na anneal. at

saturation coverage a “metallic” Zn2component appears on the

300°C
low binding energy side.

2.7 eV 200°C
metallic Zn

to the poor resolution of the XPS experiment, and due to its
reduced surface sensitivity, this shoulder cannot be resolved.
With increasing Na coverage, the intensity of the Zn bulk
component decreases because of the Na overlayer. At 1-ML
Na coverage, the Zn, peak clearly shows another com-
ponent on the low-binding-energy side. This Zp 2ompo-
nent corresponds to the above-mentioned “new” Zn species.
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The equivalent behavior of the inner valencel)3and core 06
(2p3) levels corroborates our conclusion that the 0.5
ZnSe(100)e(2X 2)-Nainterface is reactive. 0.4

Before further analysis, it should be noted that an unam-
biguous assignment of the chemical state of the “new” Zn
species using only photoemission data appears to be impos-
sible for the following reasons. Semiconductors have a band
gap of the order of 1 eV, while chemical shifts of adsorbates
are of the same order in many cases. Thus, for the same FIG. 3. (& Zn L3MyMys, and Na Klpsl,; and (b)
chemical state on different semiconductor surfaces, differerén L2MasMus Auger spectra of the ZnSe(10@[2x2) surface
band bending due to different doping or surface defect§_‘ﬂer stepwise Na depo_sltlon at room tempgratur_e. Near Na satura-
could lead to significant core-level differences comparable tdio" coverage the prominent Auger peaki@ s attributed to a Na

those of chemical shifts. This means that in some cases it f§-23-23 transition. In(b), a new “metallic” Zn L;M4sM s com-
difficult to distinguish between chemical shift and band ponent appears on the high-kinetic-energy side near a Na saturation
bending. Thus, for the same chemical states, different core. orage which becomes.more pronoun.ced at grazing emission
o ' . ’ angle (#=75°). The metallic component disappears upon anneal-
level binding energies were observed and reported. Esp(?ﬁg.
cially in the case of ZnSe, the Znp3, energy range of
known Zn compounds is 2.5 eV wid&just smaller than the In the ZnL ;M 45M 45 Auger spectra, needed for the Auger
ZnSe band gap of 2.7 eV. In addition, surface photovoltage parameter and, shown in Fig(e3, an Auger component in-
and charging effects further complicate the assignment oflicated by arrows appears at about 990.5 eV with increasing
chemical species on semiconductor surfaces. However, tHga coverage. It becomes dominant at 1 ML of Na and can
concept of the so-called Auger parameter, which is indepenanambiguously be attributed to a Ma_,3L ,5 Auger transi-
dent of band bending and charging, can avoid the abovetion. We also measured the evolution of the E5M 45M 45
mentioned problem of chemical state assignment. Therefor&uger transition with Na deposition, as shown in Figh)3

we simultaneously took Auger and XPS spectra. At 1-ML Na coverage, a Zmi,M4sM,5 component with a

0
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smaller intensity than the bulk component appears on the T T T T T T

high-kinetic-energy side. This component becomes dominant Nats , hv=1253.6 eV

when the Auger spectrum is taken at grazing emission angle

(75°), yielding a higher surface sensitivity. This component

with a kinetic energy shift of 2.7 eV relative to the bulk

component corresponds to the “new” Zn species observed

by XPS/UPS. The 1-ML spectrum recorded at grazing emis- > anneal. at

sion strongly suggests that the “new” Zn species is located @ 300°C

on the surface. Obviously, in Fig.(8 the “new” Zn £

L3M 45M 45 component is hidden under the K& 4L 55 peak. § 200°C

The Auger parameter of the “new” Zn species, discern- & }\

ible in Figs. 1-3, can be calculated with the assumption that E Na (ML)

the chemical shift between the Zn bulk and the “new” Zn S ; ‘L 10

component is the same for the 2pM4sM 45 and the Zn ‘ g ' 0.9

LsM 4sM 45 Auger peaks. This assumption is reasonable since - : 0.8

both transitions involve the same shallow core levidigs R e N g ) 8:2

(Zn 3d3, and 3As),) . Here we define the Zn Auger parameter : oo 0.4

as in Ref. 16: AR Ga SOl ()
1080 1077 1074 1071 1068 1065

a(Zn)=Eg(Zn 2pzp) + Ex(Zn L3MysMys). (@) Binding Energy (6V)

For the Zn bulk component we derive(Zn,bulk)

=2011.7 eV. This value is in good agreement with that for NaKLL, A hv = 1253.6 eV
the ZnSe bulK2011.5 eV given in Ref. 16. Furthermore, we
calculate the kinetic energy of the “new” ZhzM M 45 1
component using the above assumption and derive
a(Zn,new speciesy 2013.7 eV. Compared with compiled anneal. at
Auger parameter¥, this value is in perfect agreement with 300°C
that of “metallic” Zn [2013.8 eV(Ref. 16], while the Au- %
ger parameters of other Zn chemical states are below 2012.9 8 ] ]
eV. Therefore, we must conclude that the “new” Zn species 1—'2 T ; BT 200°C
observed in Zn @, Zn 2ps,, and ZnL,M 4sM,5 Spectra a N

: ' . : ) N , a (ML)
with 1-ML Na coverage is a metallic Zn species which no g . e, o 1o
longer has ionic character as in ZnSe. S| o™ o L e N im0

Next we analyze the chemical states of Na and Se on the < | w " i 08

ZnSd100 surface with 1-ML Na coverage. Figure&fand LT 0.6
4(b) show the evolution of the Nasland NaKL;L 3 spectra e a I Piapnddl 0.5
with increasing Na coverage. The Na 1s peak shifts toward i - o 04
lower binding energy, and its line shape becomes slightly > i rot 0
asymmetric, as seen at 1-ML Na coverage. This may be due i
to the following two reasongl) the Na overlayer becomes 945 948 951 954 957 960
more metallic at high Na coverage, resulting in a more asym- (b) Kinetic Energy (eV)

metric Doniach-Sunjic line shape; ¢2) there are(at least
two Na components. A clear argument can be derived from g5 4 (@) Na 1s XP spectra andb) Na KL, L ,; Auger spectra
the Auger parameter of Na at 1-ML Na coverage calculategy the znse(100)e(2x 2) surface after stepwise Na deposition at
from the corresponding peaks of Figs. 2 arte)4 room temperature, and after subsequent annealing for 5 min. At Na
_ _ saturation coverage, the Na& line shape is asymmetric due to the
a(Na)=Eg(Nals)+Ex(Na KLasl ;3 =2063.5 eV. existence of different Na species. Solid lines are intended as guides

This is by far lower than the “metallic” Na Auger param- [ the eve.

eters (2064.8—2066.1 el and significantly higher than

those of known ionic Na chemical state@maximum value The evolution of Se 8 and SelL ;M M 45 peaks with
2062.8 eV).1® Unfortunately the value of N&e is absent in increasing Na coverage is shown in Figéa)5and 5b). The
the data compilation. Thus it can be concluded that the N&e 3 and Sel3;M M 45 Spectra were recorded using Mg
atoms on the ZnSe(10@)(2x 2) surface at room tempera- and Al Ka irradiation, respectively. In Fig.(8), a satellite
ture are nonmetalliqor intermediate between “metallic” structure appears for the clean ZnSe(1@02-<2) surface
and “ionic™), and the asymmetric Na line shape is due to theon the high-binding-energy side, with an energy separation
existence of different Na components. Furthermore, the Néo the main line of approximately 11 eV. This satellite is
Auger parameters evaluated for different Na coverages arattributed to a ZnSe bulk plasmon. With increasing Na cov-
about equal within the experimental uncertainty of 0.3 eV.erage, the intensities of Sed3and SelL ;M 4sM 45 decrease
This implies that the different Na species on themarkedly. The Se & line shape becomes wider at Na satu-
ZnSe(100)e(2x 2) surface possess similar ionicities. ration coverage, as is more clearly seen in the 8esf3ec-
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FIG. 6. Relative intensities of Nasl NaKL,L,3, Se 3, and
Plasmon 0.4 Zn 2ps, as a function of Na deposition time at room temperature.
e B esandl The relative intensities of Naslindicate the Na coverage, as ex-
70 65 60 55 50 plained in the text. For deposition times larger thaB000 s, the
(a) Binding Energy (eV) Na coverage saturates.
T T T T T at 75°. The existence of at least two Se components implies
Se LM, M, hv=1486.6 eV that the ZnSe-Na interface is now Se terminatéth-Se
bonds.
anneal. at At higher Na coverage a peak appears at a binding energy
. 200°C of 64.6 eV in Fig. %a), which can be attributed to Nas2At
1-ML Na coverage, the intensity ratio of Nas 20 Se 3 is
= 8=75° significantly higher for a larger emission angle (75°) as
'S ‘ compared to normal emissi@0°). Since for 75° the surface
g f Na (ML) sensitivity is markedly enhanced, this result strongly sug-
3 1.0 gests that the Na atoms do not diffuse into the 2486
% bulk but are located on the Zn@®0) surface, and that no Se
E 0.9 surface segregation occurs at the Na/Zi186) interface at
2 room temperature. These two facts will be further confirmed
08 by a quantitative analysis, described in the following.
; 0.6 Figure 6 shows the relative intensities of the Ng Na
05 KL;L,3, Se 3, and Zn D peaks plotted vs Na deposition
04 time. The XPS intensities of Zn@,, and Se 8 decrease
0 with increasing Na coverage, that of Zp4, more rapidly
| IPYRT TR W N TR W T N SR TR R N S T S ' .
1300 1304 1308 1312 1316 ']Eharl; tr:ﬁt (()jf. f?e G.tTkhe (3.|fferent (_Jlecrefazses cazngt(;e aCCOl:jI’lted
(b) Kinetic Energy (eV) or by the different kinetic energies of Zrpg; ( e\) an

FIG. 5. (8 Mg Ka-excited Se 8 and Na % spectra of the

Se 3 (1199 eV corresponding to different surface sensitivi-
ties. Similarly, the Na & peak should be more surface sen-
sitive than the N& L, L ,; peak, since the kinetic energies are

ZnSe(100)e(2x 2) surface after stepwise Na deposition at room 176 and 950 eV, respectively. However, the intensity evolu-

temperature, and after subsequent anneallgSeL 3M 45M 45 Au-
ger spectra, taken after identical preparation conditions agajor

(excited by AlK « radiatior).

tions of the Na & and NaKL,L,; peaks with increasing Na
coverage are very similar, corroborating that the Na atoms
are indeed located at the surface. The evolution of the da 1
intensity with deposition time explicitly shows a saturation

trum recorded at an emission angle of 75°. Due to an insufabove about 3000 s of Na exposure. Further Na exposure

ficient energy resolution, peak fitting to decompose differentloes not result in further Na uptake by the Z(1$¥) surface

Se core levels appears to be problematic. Moreover, in Figoeyond 1-ML Na coverage. Such saturation effects were also
5(b) no significant line shape change is observed in Sebserved for other alkali/'semiconductor interfat®dt is
L3M4sMys. However, the fact that the Sed3dinewidth in-  well known that the sticking coefficients of alkali atoms on
creases at higher Na coverage indicates that there probabdgmiconductors such as Si and GaAs decrease at room tem-
are at least two Se components. This is also confirmed by theerature for coverages close to 1 ML, and become zero be-
following observation: at 1-ML Na coverage the S&él8ind-  yond 1 ML, due to a much weaker attractive interaction of
ing energy of the peak recorded at a normal-emission iglkali atoms on alkali adsorbates as compared to that on the
higher by 0.4 eV than that recorded at an emission angle dhterface between substrate and first alkali Iayedf course,
75°. Also the energy of the Se;M 4sM 45 Auger transition  the Na saturation behavior on ZnSe(1G2x 2) can also
recorded at normal emission angle is smaller than that takeie ascribed to the same physical reason.
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FIG. 7. Attenuation curve of the Znf,, bulk and Se 8 com- FIG. 8. Valence-band UP spectra of Na/Z(iB¥) interfaces.

ponents vs Na 4 intensity(i.e., Na coverageindicating two stages  CurveA corresponds to 1 ML Na on ZnSe(100f2x 2). CurveB
of Na adsorption below and above a *“critical” Na coverage of was recorded after annealing at 200 °C. The inset displays a differ-
~0.5 ML. ence curve A-B), reflecting a metal-like Fermi level, which is
shifted from the Fermi level of the sample holder due to the surface
Figure 7 shows the attenuation curves of the Zmy2 photovoltage effect.
bulk component and the Sed3peak relative to the Nasl
intensity, which corresponds to the Na coverage. The deabove conclusion that there is no metallic Na on the surface,
crease of the Sedintensity is compatible with a simple since the vapor pressure of metallic Na is of the order of
attenuation model taking a usual electron inelastic mean free0™* mbar at 200°C. At the same time, the line shapes of Se
path® into account, and assuming that the pristine ZnSe3d and Se_3M 4sM 45 remain nearly unchanged upon anneal-
sample becomes covered by 1 ML of Na. The decrease of thgg at 200 °C, as shown in Fig. 5. This implies that the Se-Na
Se 3 signal is thus incompatible with significant Se segre-and Se-Zn bonds have similar chemical characters.
gation at room temperature. The attenuation curve of the Zn The question about the metallization of the surface by the
2p3jp bulk component clearly shows that the growth of Na onmetallic Zn species still remains to be discussed. Figure 8
ZnSe consists of two stages: below and above 0.5-ML N&hows the valence-band UV photoelectron spectra excited
coverage. The initial decreas@<0.5 ML) of the Zn 203,  with He radiation (iv=21.22 eVJ. CurveA corresponds to
bulk intensity is 2—3 times steeper than that if the & 3 the spectrum of ZnSe(10®¢2x2) with 1-ML Na cover-
signal, which is consistent with its 2.3 times shorter inelas- age. CurveB was recorded after this interface was annealed
tic mean free path® Therefore, the same argument as usedat 200°C. The enlarged part of cun clearly shows a
for the Se atoms holds, i.e., the ZnSe sample becomes cogtructure around 1.5 eV which is mainly due to a iHzatel-
ered by up to half a monolayer of Na, and no Zn segregatiotiite contributions from the peak at 3.4 eV. This similar struc-
occurs. Foréy,=0.5, however, the Zn (2, bulk signal ture of curveA is contributed from both the He satellite
drops drastically, which can only be explained if Zn atomsintensity and the “metallic” Zn species. This is consistent
disappear from the interface region, such that they no longewith the observation that after annealing at 200 °C the “me-
contribute to the Zn bulk signal. This is in perfect agreementallic” Zn species disappears, while the Na intensity nearly
with the appearance of a “metallic” Zn speci@he signal of  stays constant, and the Na species remains nonmetallic.
which has not been included in Figl. Bince the intensity of Hence the difference between curv@snd B mainly origi-
this Zn species is relatively high fah,=1 (see Figs. 2 and nates from the “metallic’ Zn species. As shown in the inset
3) and markedly increases at grazing emission afsgle Fig.  of Fig. 8, the difference spectrum clearly shows a metallic
3) we infer that it stems from an exchange reaction with Na“cutoff,” i.e., a Fermi level. This Fermi level deviates from
and from segregation and island formation on top of the Nahe Fermi level of the sample holder by0.2 eV which is
layer. due to a surface photovoltage efféttwidely observed in
This conclusion is corroborated by the following anneal-photoemission spectra of Zn@€0) surfaces:*® The appear-
ing experiment. It can be expected that the metallic Zn speance of a Fermi level indicates that the “new” Zn species
cies can be desorbed upon annealing in UHV, since the Zbecomes metallic when approaching the Na saturation cov-
vapor pressure is relatively higbf the order of 18 mbar at  erage due to the proposed cation exchange reaction between
200 °C). Figure Jtop spectrashows indeed that the metal- Na and Zn atoms which most probably leads to the formation
lic Zn component(the kinetic energy is 1014.6 @\isap-  of metallic Zn islands on the topmost layer. This implies that
pears upon annealing at 200 °C for 5 min. In addition, Fig. 4he Se-Na bond is energetically more favorat@ad hence
shows that the Na d intensity remains approximately un- strongey than the Se-Zn bond. It may be further inferred that
changed upon this annealing step and that the Auger pararita can be doped in ZnSe to an appreciable extent, although
eter of the Na species also remains nearly constant, i.e., nonet all Na doping atoms may be electrically active. Finally,
metallic. The Na intensity slightly decreases upon furtherthe possibility that Na atoms are located at interstitial sites
annealing at 300°C for 5 minutes. This clearly confirms thecannot account for the appearance of a metallic Zn species
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FIG. 9. Simplified Na/ZnSe(100§{2X% 2) interface model for E E-
(@) the clean ZnSe(100§{2x2) surface,(b) 0.5 ML of Na on m L ittt ittty
ZnS€100), and(c) 1 ML of Na on ZnS¢100. In the last case a e )
cation exchange reaction occurs between Na and the topmost Zn 1 Zn 3d (sub.) 1
atoms, which leads to the formation of metallic Zn islands on top of o —4—Mm—m
the surface. _11_5' PR R T S T
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because in this case no exchange reaction would occur. Na 1s Intensity (normalized)
Hence the limited hole concentration in Na-doped ZnSe is
due neither to the compensation of interstitial Na donor at-

. . . FIG. 10. Energy shift of the Zn @ shallow core level and of
oms nor to a lack of Na dissolution in ZnSe. d

secondary electron cutof€orresponding to the vacuum leyehs a
function of Na coverage. The inset shows the evolution of the Zn
B. Structural model of Na/ZnSeg(100) interfaces 3d ionization energy with increasing Na coverage.

On the basis of the above analysis, we propose a simpli-
fied interface model for the ZnSe(10@)2x 2)-Na inter- ~ topmost Zn layer ontop of the Na-covered Z(B¥) sur-
faces prepared at room temperature, as shown in Fig. dace. Thus it seems to be impossible, at first glance, that this
From photoemissiolt'® atomic-layer epitaxy® and first- Zn component shows an Auger intensity comparable to that
principles total-energy calculatiod$?! it can be concluded of the Zn bulk component, since the kinetic energy of Zn
that the sputter-annealed ZnSe(1@QRx 2) surface is Zn  L,M4sM s is approximately 1010 eV, and thus not very sur-
terminated with 0.5-ML Zn coverage, as depicted in Fig.face sensitive. However, as the metallic Zn islands and the
9(a). The ZnSe(100)(2x2)-Na interface formation is next Zn layer of the ZnSe substrate are separated by one Na
composed of two stages, below and above a critical Na coJayer and then by one Se layer, the attenuation of the next
erage (~0.5 ML). In the first stage, as shown in Fig(bd, (bulk) Zn layer is significant, and hence the metallic Zn
the Na atoms chemisorb on top of the Z(B¥) surface in  L,M4sM 5 Auger peaks show a relatively large intensity.
empty Zn sites. In the second stage, while further increasing
the Na coverage, Na atoms replace top Zn atoms, as shown _ _ . o
in Fig. 9(c). The corresponding Zn atoms segregate on top of C. Band bending, surface dipole, and Fermi-level pinning
the Na layer and eventually form metallic Zn islands at the Figure 10 shows the evolution of the Zrd 3ubstrate
Na saturation coverage. In other words, the cation exchangsomponent and of the secondary electron cutoff with increas-
reaction between Na and Zn atoms occurs above a critical Niag Na coverage on binding- and kinetic-energy scales, re-
coverage of 0.5 ML. Due to the clustering of Zn atoms, aspectively. The cutoff corresponds to the vacuum level of the
part of the Na overlayer remains uncovered, while the rest isurface. The Zn 8 binding energy reflects the band bending
covered by metallic Zn islands. A cation exchange reactiorof Na/ZnS€100) interfaces under UV irradiation. Band
was also observed for metal/lll-V semiconductor interfacespbending generally arises from various effects includifhy
such as Al/GaAs and Al/GaB:* intrinsic surface states stemming from the discontinuity of

This interface model can well account for all above-the lattice potential and bonding at the vacuum-solid
mentioned experimental observations. For example, thinterface?® (2) extrinsic surface states due to lattice imper-
partly covered and partly uncovered Na layer by metallic Znfections;(3) extrinsic interface states due to local lattice de-
can account for the various chemical species of Na, sincéormation and localized atomic bonding involving, e.g., Na
metallic Zn islands on top lead to different initial- and final- atoms;(4) metal-induced gap stafésdue to wave-function
state effects for the covered Na atoms as compared to thenneling from the metallic islands into the substrate band
uncovered Na atoms. In addition, this model also explaingap; and(5) surface photovoltage effects However, with
the unusual relative Zh,M 4sM 45 intensities, as shown in the above-mentioned experimental results, it appears to be
Fig. 3(b). The metallic Zn component originates from the difficult to separate these effects in the present case.
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A the valence band associated with the Na coverage. For the
D 8 | hv=2122eV clean ZnSe(100)(2x 2) surface, peaks labele#i, B, C,
andD are noted at binding energies of 2.6, 3.6, 4.7, and 7.0
eV; the linearly extrapolated valence-band maximum has a
Na (ML) binding energy of 2.0 eMthe small shoulder at a binding
0 energy of~1 eV is due to the above-mentioned Hsatel-
lite. Thus peakd\, B, C, andD are located at 0.6, 1.6, 2.7,
and 5.0 eV relative to the valence-band maximum. These
peaks agree well with previous XPS and UPS results from
this surface®?’ With increasing Na coverage, pedkbe-
comes weaker and finally disappears. Simultaneously, the
energy positions of peakB, C, andD change, while their
relative energy distances remain nearly constant. The energy
shift of the three peaks is consistent with the observed band
bending, as shown in Fig. 10. This indicates that pe&ks,
and D originate from bulk staté§ or so-called surface-
induced bulk states, which arise from the boundary condition
introduced by the surfac&.For ZnS€100), such states are
predicted to occur at 2.0, 2.3, and 5.3 eV relative to the
valence-band maximuff independent of the surface termi-
nation. Thus, they may also be associated with the observed
peaksB-D. In addition, since peald disappears upon Na
exposure, it can be identified as a surface state, as predicted
FIG. 11. (Partly) angle-resolved valence-band UP spectra takerpy first-principles total-energy calculatiofis According to
for different Na coverages at normal emission. these calculations, one surface state lies below the valence-
band maximum and arises from the dangling-bond states of
The secondary electron cutoff reflects the work functionthe Se atoms, but unfortunately, no accurate energy position
of the Na/ZnSEL00) interface(under UV irradiation. Band  has been givef: However, due to its disappearance upon
bending and the surface dipole determine the work functionalkali deposition we can identify peak in Fig. 11 as this
The energy difference between tireegative binding energy  surface state in the present study.
of the Zn A and the secondary electron cutoff is the so-
called ionization energy of Zn@® as shown in the inset of
Fig. 10. Since the Zn @ bulk component reflects the band
bending, the Zn 8 ionization energy just indicates the evo-  We have studied the initial phase of the ZnSe(1602-
lution of the surface dipole, which drops rapidly with in- X2)-Na interface formation using LEED, XPS, UPS, and
creasing Na coverage up te0.4 ML. The surface dipole XAES. Na has been deposited oncg2 X 2)-reconstructed
can be decreased by 1.7 eV due to the rather electropositi@nS&100 surface at room temperature up to a coverage of
Na. Such a drastic change of the surface dipole is expected to1 ML. In this coverage regime, the growth of Na on the
reduce the metgtZnSe Schottky barrier significantly. ZnSe(100)e(2X2) surface can be divided into two stages:
However, our recent investigations of Au/Zr{$@0) and Au/  below and above~0.5-ML Na coverage. Below 0.5-ML
Na/ZnS€100 interfaces using photoemission show a Fermi-coverage, Na atoms are adsorbed on empty Zn sites available
level pinning behavior of the Schottky barrier for Na inter- on a Zn-terminated Zn$&00) surface which has about half a
face doping® Based on these preliminary results, which monolayer of Zn coverage. Above 0.5-ML Na coverage the
show a reduction of the barrier by 0.16 eV, it is most prob-ZnS€100-Na interface becomes reactive and a cation ex-
able that the metallic Zn islands and/or interdiffusion of Nachange reaction occurs between Na atoms and the top Zn
and Au atoms prevent a more significant reduction of theatoms of the formerly Zn-terminated surface. The exchanged
ZnSe Schottky barrier. We may argue that an improved conZn atoms segregate on top of the Na overlayer, eventually
tact to p-ZnSe could be realized in a metal/alkali/ forming metallic Zn islands. The surface dipole of
p-ZnSe(100) system, in which alkali atoms can be incorpoZnSe(100)e(2x2) can be decreased by 1.7 eV by Na ex-
rated as the’ layer, and for which the metad/ZnSe inter-  posure. In addition, Na deposition allows the identification of
face is abrupt. a surface state 0.6 eV below the valence-band maximum.
However, it still remains to be demonstrated whether Ohmic
contacts t@-ZnSe can be realized by alkali interface doping.

Intensity (arb. units)

8 6 4 2 0
Binding Energy (eV)

IV. SUMMARY

D. Valence-band states and surface states

UPS was used to characterize the evolution of the occu-
pied valence-band states during the formation of the
Na/ZnSe(100)e(2x 2) interface. While a full analysis of We thank Dr. Clemens Heske for a critical reading of the
the surface electronic states requires measurements with highanuscript. This work was supported by the Deutsche For-
angular resolution and variation of angle and/or photon enschungsgemeinschaft within SFB410. One of (dsH.C)
ergy, the spectra presented in Fig. 11 are taken with poowould like to thank the Volkswagen-Stiftung for financial
angular resolution£8°). These spectra indicate changes insupport.
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