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Formation of the Ho/CdSe(1010) interface
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Auger-electron spectroscopy, Auger depth-profile analysis, as well as photoelectron spectroscopy give
clear evidence for several stages in the formation of the Ho/CdSe(1010) interface. For Ho coverages
lower than a critical thickness of ~1 A, no reaction or intermixing of the components was found. In the
range of intermediate coverages, 2A <6<20 A, Ho-Se chemical reactions are observed-leading to a
release of Cd. For higher Ho coverages, 6 = 20 A, this stage changes to a regime that is characterized by
considerable Cd segregation and surface metallization. The presence of this metallic Cd layer prevents
Ho diffusion and inhibits Ho-Se chemical reaction upon further deposition of Ho.

INTRODUCTION

The considerable interest in experimental and theoreti-
cal studies of metal/semiconductor interfaces in the re-
cent past is certainly a consequence of the technological
importance of these junctions.’> Of particular interest
for applications are diffusion phenomena and chemical
reactions in the interfacial region, which have direct
influence on the formation of Schottky barriers and on
the macroscopic properties of metal/semiconductor junc-
tions.

Up to now, mostly interfaces of Si, Ge, or related III-V
compound semiconductors, in particular GaAs, with no-
ble and transition metals have been investigated;">* how-
ever, the interest in junctions with rare-earth (RE) metals
is also growing.>~ !> With their comparably low work
functions, the RE metals are promising candidates for
Schottky-barrier formation. The high chemical reactivity
of the RE metals allows the formation of stable com-
pounds at the interfaces. Oxides of some RE metals or
mixtures of them have been found to yield good-
performance thin-film transistors or capacitors based on
CdS and CdSe. Promising characteristics have also been
found for semiconductor/insulator interfaces between
ternary CdS, Se,_, semiconductors and RE oxides."

We report here a detailed study of the reactive inter-
face between Ho and CdSe(1010) by Cd 4d core-level and
valence-band photoemission (PE), supplemented by de-
tailed studies of the Se-MVV, Cd-MNN, and Ho-NON
where Se denotes M, s V'V, Cd denotes M, sN, sN, s, Ho
denotes N, 50, 3N¢;, Auger-electron spectra (AES) as
well as Auger depth-profile analysis. In this way infor-
mation on the chemical structure of the Ho/CdSe inter-
face was obtained and the magnitude of band bending
(0.58 eV) for Ho coverages less than 0.2 A was deter-
mined. In addition, we obtained evidence for the ex-
istence of a critical Ho coverage of 8, =1 A for the begin-
ning of Ho-Se chemical reaction and component
interdiffusion. A similar behavior has been observed for
some other reactive metal/semiconductor junctions.'*
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For high Ho coverages, 20 A<6<30 A, considerable
enhancements of the element-specific PE and AES inten-
sities from Cd are found, which can be explained by
segregation of Cd to the surface as a consequence of
chemical reaction between Ho and Se at the interface.

EXPERIMENTAL

Angle-resolved PE measurements were performed with
a rotatable hemispherical analyzer (VSW-ARIES) with
an acceptance angle of +2° using synchrotron radiation
from the TGM-3 beamline at the Berliner Elektronen-
speicherring fiir Synchrotronstrahlung (BESSY). The
total-system resolution was =0.25 eV full width at half
maximum, and the reproducibility of measured binding
energies (BE’s) is estimated to be +0.05 eV. All PE spec-
tra were taken in normal-emission geometry. The record-
ed spectra were least-squares fitted with Lorentzian or
Doniach-Sunjic line shapes convoluted by a Gaussian to
account for finite experimental resolution. AES and
AES-profile analysis data were obtained in a RIBER-
LAS-3000 spectrometer with a resolution of 0.2% and a
primary-electron energy of 3 keV. The base pressure in
both experimental chambers was =~1071° Torr.

CdSe(1010) p-doped wafers were cleaned by Ar™
sputtering and annealed by electron bombardment from
the back. These cleaning cycles were repeated until no
traces of C or O could be detected in the AES or
valence-band PE spectra, and sharp low-energy electron
diffraction (LEED) patterns were obtained. After careful
outgassing, Ho of 99.99% purity was evaporated from a
tungsten coil and deposited onto the CdSe substrate at
room temperature at a pressure of ~8X 107! Torr. The
deposition rate was monitored by a quartz microbalance.
Following each Ho-deposition step, Cd 4d core-level and
valence-band PE or AES spectra were recorded. The
AES-profile analysis of the Ho/CdSe interfaces for vari-
ous Ho coverages was performed by alternating layer-by-
layer Ar sputtering with grazing-incident Ar™ ions of 1
keV energy, and AES employing the Se-MVV, Cd-MNN,
and Ho-NON Auger signals.
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RESULTS AND DISCUSSION

A. Cd 4d core-level and valence-band photoemission

Cd 4d core-level PE spectra, taken at 50 eV photon en-
ergy for various Ho coverages, are shown in Fig. 1(a) to-
gether with the results of least-squares fit analyses (solid
lines through the data points and individual subspectra).
The spectra have been normalized to constant height to
emphasize changes in line shape. The Cd 4d PE spec-
trum from a freshly cleaned CdSe(1010) surface (bottom)
exhibits two spin-orbit split Lorentzians originating from
bulk (b) and surface (s) atoms, with a surface core-level
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FIG. 1. PE spectra of the Ho/CdSe(1010) interface as a func-
tion of Ho coverage taken at hv=>50 eV. (a) Cd 4d spectra; the
solid lines through the data points represent the results of least-
squares fits. The dashed subspectra stem from the unreacted
bulk substrate, while the dash-dotted components originate
from dissolved Cd. Dash-double-dotted curves represent signals
from a metallic phase of Cd, while solid-line Lorentzians reflect
the Se 4s intensity. Surface and bulk features are marked by s
and b, respectively. (b) Overview valence-band PE spectra
comprising the Ho 4/ and Cd 4d BE regions together with the
results of least-squares fits. The dashed subspectra represent the
signal from the valence band of the unreacted CdSe substrate.
The dash-dotted curves originate from the Ho 4/ multiplet of
the reacted Ho-Se phase, while solid subspectra stem from the
valence band and 4/ multiplet of metallic Ho.
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shift of 0.25+0.05 eV and a spin-orbit splitting of
0.67%0.05 eV. The binding energy of the Cd 4d5,, bulk
component is found to be 11.02 eV. An additional
Lorentzian peak at a BE of 10.35 eV simulates emission
from Se 4s states (solid subspectrum). At a Ho coverage
of ~0.2 A, all three components are su‘nultaneously
shifted by 0.58 eV to higher binding energies due to band
bending. In addition, a decrease in the intensity of the
surface component is observed, which is due to a quench-
ing of the surface shift by Ho adatoms.

For Ho coverages of <1 A, we observed only minor
changes in the shape of the Cd 4d signal, pointing to a
nonreactive interface. A new component (dash-dotted
subspectrum), appearing at the low-binding-energy edge
of the Cd 4d emission line, can be clearly identified for
Ho coverages higher than this critical thickness of 6, ~1
A; it represents emission from a reacted phase. Upon
further Ho deposition (8 <13 A), the relative intensity of
this dash-dotted component increases at the cost of the
bulk signal from the substrate. The relatively broad (0.18
eV linewidth as compared to 0.13 eV for the unreacted
phase) and structureless shape of this component indi-
cates a rather inhomogeneous nature of the reacted
phase. At coverages up to 6=13 A, the BE of this com-
ponent does not change. For higher Ho coverages be-
tween 17 and 20 A, an additional binding-energy shift of
about 0.19 eV to lower values is observed, while the
strongly reduced relative intensity of this reacted com-
ponent complicates the BE analysis. Since this shift
occurs when the valence-band spectrum reveals the ap-
pearance of a finite density of states at E, [see Fig. 1(b)],
we suggest that the origin of this shift lies mainly in an
additional band bending due to metallization of the over-
layer. This could then represent a transition from
defect-induced Fermi-level pinning to a pinning caused
by metal-induced gap states.°

Simultaneously with the metallization of the overlayer,
drastic changes of the Cd 4d PE line shape are observed.
For 6220 A, the spectra are characterized by a well-
resolved asymmetric doublet as compared to the single-
peaked structure at low Ho coverages. Such a spectral
shape as well as the spin-orbit splitting of 0.83 eV for
6=31 A indicate the formation of a metallic phase of
Cd."® Doniach-Sunjic line shapes'® with an asymmetry
parameter a=0.22 were employed to fit this spectrum
(dash-double-dotted line). The smeared-out doublet
structure of the Cd 4d PE spectrum at =20 A can be
explained by superposition of emissions from the reacted
and the metallic Cd phases.

Figure 1(b) displays overview PE spectra taken at
hv=50 eV comprising both the Cd 4d core-level and the
valence-band PE regions. The spectra were normalized
to constant photon flux in order to represent the
intensity-versus-coverage dependence of the various spec-
tral features. Note that the spectrum for the clean
CdSe(1010) surface reveals the typical structure known
for CdSe crystals,!” while the one for high Ho coverages
(0~80 A) corresponds to the 4f (BE>4 eV) and 5d
(BE <4 eV) spectral features characteristic for metallic
Ho.! For a fit of valence-band spectra in the coverage
range 2.5 A<6<20A,a superposition of the line shapes
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of clean CdSe (6=0 A, dashed component) and thick Ho
(6=80 A, solid component) was used; both were allowed
to adjust in amplitude and position. In addition, a com-
ponent related to the reacted phase was necessary to fit
the spectra, which was simulated by two Lorentzians
(dash-dotted component) varying in position, width, and
intensity with coverage.

In analogy to the Cd 4d PE lines, the valence-band
structure of CdSe (bottom spectrum) is found to shift by
0.59 eV to higher binding energies for Ho coverages be-
tween 0 and 2.5 A due to band bending (dashed subspec-
trum). Further Ho deposition up to 8=13 A leads to a
suppression of the CdSe valence-band features and an
enhancement of the Ho 4f multiplet structure (dash-
dotted subspectrum). This 4/ multiplet is broadened and
shifted by =1.33 eV to lower binding energies as com-
pared to that of metallic Ho, indicating the formation of
an inhomogeneous reactive phase, which is caused by an
interaction between Ho 5d and Se 4sp states. The re-
markable difference observed in the spectral shapes and
energy positions of the Se-M V'V Auger signals for a clean
CdSe surface and for Ho coverages hlgher than ~2 A
supports this point of view (see inset in Fig. 2). The
higher heats of formation of Ho selenides (—365 kJ/mol
for HoSe and —962 kJ/mol for Ho,Se;) as compared to
the heat of formation of CdSe (—163 kJ/mol) (Ref. 19)
strongly favor the formation of Ho-Se compounds. Upon
further Ho deposition, 13 A <6<31 A, the structure of
the reacted Ho 4f component turns again sharper, exhib-
iting a 0.49-eV larger splitting of the two main Ho 4f
features as compared to that for a coverage of 6=13 A.
In addition, the characteristic 4f-multiplet structure of
metallic Ho is obtained [solid subspectrum in Fig. 1(b)],
which completely replaces the reacted component for Ho
coverages of 6 =50 A.

In the Ho coverage range up to ~15 A, the integral Cd
4d PE intensity as well as the Cd 4d PE intensity from
the substrate (bulk plus surface components) decrease
gradually with increasing coverage [marked as Cd;,, and
Cd,,;, in Fig. 2(b), respectively]. Then, for coverages be-
tween 20 and 30 ;\, where surface metallization is ob-
served, the Cd 4d PE intensity increases drastically, while
a decrease in the PE signal from the Ho 4f states is ob-
served. Additional Ho deposmon (6>30 A) suppresses
the PE signal from cadmium again. The sharp doublet
structure of the Cd 4d PE spectrum, which can still be
discerned in this coverage range, shows that Cd remains
present in the metallic phase up to coverages of 6 =50 A.

B. Auger attenuation curves and Auger depth-profile analysis

Information on the spatial distribution of Cd and Se
released from the substrate is contained in the AES at-
tenuation curves presented in Fig. 2(a). In the low-
coverage regime, 6 =1 A, the attenuation of the Cd-MNN
AES intensity (open squares) is remarkably faster than
that of the Se-MVV AES intensity (open triangles). This
fact as well as a gradual vanishing of the LEED pattern
suggest an atomic rearrangement at the surface even be-
fore intense chemical reactions start. Upon further depo-
sition of Ho, the Se-MVV AES intensity increases again

17 869

due to interdiffusion and formation of a Ho-Se com-
pound; this increase saturates at =~4 A, with approxi-
mately constant Se-MVV AES intensity up to =15 A.
At the same time, a decay of the Cd-MNN AES signal is
observed. From the slopes of the attenuation curves for
the Cdg,, 4d PE and the Cd-MNN AES signals, a value of
~4.5 A is obtained for the attenuation length in agree-
ment with the expected electron-escape depth in the case
of layer-by-layer growth. A huge peak of the Cd-MNN
AES intensity in the coverage range 20 A<6<40 A, ac-
companied by a shallow dip in the Ho-NON AES signal
intensity (open circles), reflects a new stage in the forma-
tion of the Ho/CdSe interface. At the same time, a con-
siderable decrease in the Se-MVV AES intensity is ob-
served. This behavior can be explained by either Cd

=
@

- z 1
E

20 40 E(eV)

Intensity

O . ] L 1 A 1 L 1 R
0

10 20 30 40
Ho Coverage (A)

FIG. 2. Intensities of (a) the Cd-MNN (open squares), Se-
MVV (open triangles), and Ho-NON (open circles) Auger signals
and (b) the Cd 4d PE signals as a function of Ho coverage. For
the PE intensities, filled triangles are used to denote the integral
Cd 4d PE intensity (Cd;,), open triangles represent the signal
from the substrate (Cd,,,), open squares mark the contribution
from dissolved reacted Cd (Cd,.,), and open circles represent the
signal from the metallic phase of Cd (Cd,,). The curves in (a)
and (b) were normalized to the intensity of the Cd-MNN Auger
or Cd 4d PE signals from a clean CdSe(1010) substrate, respec-
tively. In the inset, Se-MVV Auger spectra from a clean
CdSe(1010) surface as well as for a Ho coverage of =13 A are
presented.



17 870

segregation or clustering of the reacted phase. In the fol-
lowing, we will further discuss these points. Even higher
coverages by Ho result in a concurrent decay of both the
Se and the Cd AES intensities and in a saturation of the
Ho AES signal.

Analogous information on the formation of the
Ho/CdSe interface is contained in the Cd 4d PE signal
intensity presented in Fig. 2(b) as a function of Ho cover-
age. To allow a more detailed discussion, Fig. 2(b) con-
tains the spectral intensities of the various components of
the Cd 4d PE signal as a function of Ho coverage. The
substrate component (Cdg,,, open triangles) decays rapid-
ly and can no longer be observed for coverages higher
than ~20 A. On the other hand, the integral Cd 4d PE
intensity (Cdjy,, filled triangles) shows a broad maximum
at about 20-35 A that correlates well with the huge peak
in the Cd-MNN AES intensity; it is almost completely ac-
counted for by the metallic Cd component (Cd,, open
circles). For intermediate Ho coverages, the Cd 4d PE
intensity is mainly given by the reacted component
(Cd,.,, open squares). Comparing the heats of formation
of Ho selenides with that of CdSe,!” we suppose that at
these coverages Cd is rather dissolved in a reacted Ho-Se
overlayer in analogy to the case of Al/CdSe(1010).!7

Additional information on the spatial distribution of
the elements in the interface layer was obtained by AES
depth-profile analysis (see Fig. 3). Here, the AES signal
intensities are plotted versus sputtering time for an inter-
face of 30 A of Ho deposited on CdSe(1010). Similar re-
sults have been obtained for other Ho coverages in the
range 20 A <6<40 A. The initial maximum in the Cd-
MNN intensity and the delayed onset in the Se-MVV in-
tensity reflect the existence of a Cd-rich surface with only
negligible amounts of Se, in good agreement with the
conclusions from the PE and AES data. For longer
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FIG. 3. Auger depth-profile intensities of Cd-MNN (filled
squares), Se-MV'V (filled triangles), and Ho-NON (filled circles)
AES signals, normalized to the intensity of the Cd-MNN signal
from the CdSe( 1010) substrate, as a function of sputtering time
for a 30-A Ho/CdSe(1010) interface. The two insets show two
structural models for the formation of the Ho/CdSe interface:
(a) clustering of the reacted phase and (b) Cd segregation to the
surface.
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sputtering times, the Cd AES intensity goes through a
minimum. Simultaneously, the Se-MVV AES signal in-
creases steeply, while the Ho-NON AES signal remains
almost constant. In this depth (or sputtering-time) re-
gion, the reacted Ho-Se phase is monitored, with some
Cd atoms dissolved. The following growth of the Cd-
AES intensity together with the decrease in the Ho-AES
intensity with increasing sputtering time shows that the
CdSe substrate is reached by ablation through the
sputtering process.

As mentioned above, the strong enhancements of the
Cd 4d PE and Cd-MNN AES intensities observed for Ho
coverages beyond =~20 A occur in parallel to a metalliza-
tion of the overlayer. The question then remains if this is
due to clustering of the reacted phase or due to Cd segre-
gation to the surface. A clustering of the reacted phase
[see inset (a) in Fig. 3] is unlikely, since this corresponds
to the presence of a metallic Cd phase deep inside the
junction, in disagreement with the results presented in
Fig. 3. The results of AES depth-profile analysis using
grazing-incident Ar™ ions suggest the presence of a Cd-
enriched surface, which strongly favors Cd segregation to
the surface; this situation is schematically depicted by in-
set (b) in Fig. 3.

CONCLUSIONS

We arrive at the following picture for the interface for-
mation between Ho and CdSe(1010): For Ho coverages
smaller than a critical thickness of ~1 A, no significant
reaction or intermixing of the components occurs. This
conclusion, which is mainly based on the AES data, is not
in contradiction to the weak intensity of a reacted com-
ponent that can be distinguished in the fit analysis of the
Cd 4d PE spectrum for a coverage of 6=0.7 A [see Fig.
1(a)]. The occurrence of such a weak component can be
explained by a lateral thickness variation of the deposited
Ho layer.

The Cd 4d and valence-band PE spectra for 6=~=0.2 A
reveal a shift to higher binding energies by ~0.58 eV due
to initial band bending. For coverages higher than a crit-
ical coverage of 0,==1 A, strong interdiffusion of the
components is observed, indicating an intense chemical
reaction at the interface. This observation is analogous
to the situation found previously for other reacted inter-
faces and correlates well with changes in the electronic
structure of the overlayer when going from a more atom-
iclike to a solid-state configuration.'*

We expect no reaction between Cd and Ho, since the
formation of the only known Cd-Ho compound, with
stoichiometry CdGHo,20 would require the breaking of six
Cd-Se bonds per Ho atom. On the other hand, Cd-Se
bonds can be broken by a Ho-Se reaction due to the sub-
stantial differences in the heats of formation of CdSe and
Ho-Se compounds.!® In spite of the relatively small heat
of formation of HoSe (—365 kJ/mol) as compared to that
of Ho,Se; (—962 kJ/mol), the dilute concentration of Ho
in the low-coverage regime favors a simple replacing of
one Cd atom by one Ho atom, which leads to a release of
only one Cd atom per Ho atom. We speculate that the
Cd atoms remain then weakly bound within the HoSe
domains intermixed with fragments of CdSe. In this
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stage no Cd segregation would occur. Upon further
deposition of Ho, neighboring Ho atoms can form the en-
ergetically preferred Ho,Se; compound releasing three
Cd atoms per two Ho atoms. A hint for the existence of
such a process is given by the change in the shape of the
Ho 4f subspectrum at a coverage, where surface metalli-
zation is observed [Fig. 1(b)]. An increase in the concen-
tration of released Cd due to conversion of HoSe into
Ho,Se; would favor Cd segregation to the surface. More-
over, the growth of the interfacial layer will lead to an in-
crease in the number of linear defects, which could serve
as channels for Cd segregation. In this way, the Cd
atoms will form a metallic overlayer leading to an in-
crease in the density of electronic states at Ez. This sur-
face layer of metallic Cd passivates the interface, favoring
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in the higher-coverage range the growth of a metallic Ho
film on top of the interfacial layer.
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