
Test of band offset commutativity by photoemission from an in situ grown ZnTe/CdS/
ZnTe quantum well
W. G. Wilke, Ch. Maierhofer, and K. Horn

Citation: Journal of Vacuum Science & Technology B: Microelectronics Processing and Phenomena 8, 760
(1990); doi: 10.1116/1.585007
View online: https://doi.org/10.1116/1.585007
View Table of Contents: https://avs.scitation.org/toc/jvm/8/4
Published by the American Institute of Physics

ARTICLES YOU MAY BE INTERESTED IN

Schottky barrier heights and interface chemistry in Ag, In, and Al overlayers on GaP(110)
Journal of Vacuum Science & Technology B: Microelectronics Processing and Phenomena 8, 955 (1990); https://
doi.org/10.1116/1.584949

https://avs.scitation.org/author/Wilke%2C+W+G
https://avs.scitation.org/author/Maierhofer%2C+Ch
https://avs.scitation.org/author/Horn%2C+K
/loi/jvm
https://doi.org/10.1116/1.585007
https://avs.scitation.org/toc/jvm/8/4
https://avs.scitation.org/publisher/
https://avs.scitation.org/doi/10.1116/1.584949
https://doi.org/10.1116/1.584949
https://doi.org/10.1116/1.584949


Test of band offset commutativity by photoemission from an in situ grown 
ZnTe/CdS/ZnTe quantum well 

w. G. Wilke, Ch. Maierhofer, and K. Horn 
Fritz-Haber-Institut der Max-Planck-Gesellschaft, D-lOOO Berlin 33, West Germany 

(Received 30 January 1990; accepted 8 March 1990) 

We have characterized the ZnTe-CdS heterojunction by valence and core level photoemission 
with synchrotron radiation, using quantum wells grown in situ on ZnTe( 110) substrates. The 
valence band offset of-aE" = 0.9 eV shows that this heterojunction is of the staggered type 
(type II), rarely encountered in experimental studies. We find evidence for chemical reaction 
involving Te at the interface. The band offsets at both sides of the CdS quantum well exhibit small 
differences on the order of 0.1 eV, which are also reflected in the dipole contribution at the 
interfaces. This study, while reporting only small deviations from commutativity, suggests that 
dipole contributions of varying magnitude, caused by interface reactions, influence the magnitude 
of the band offset. 

I. INTRODUCTION 

The experimental study of semiconductor heterojunctions 
by photoelectron spectroscopy has greatly extended our 
knowledge of the physical and chemical characteristics of 
these systems, and the determination of valence band offsets 
aE" by this technique has yielded a reliable data base for a 
comparison with band offsets calculated using different ap­
proaches.1,2 Considerable progress has also been achieved in 
the theoretical description of factors influencing band off­
sets. Several models predict the band offset on the basis of a 
characteristic bulk mid gap energy level, which serves as the 
band lineup reference level; this reference level is often in­
voked in a heuristic way. An alternative way, conceptually 
more appealing, has been to carry out band structure calcu­
lations for a slab consisting of two different semiconductor 
layers in a supercell geometry, using modern band structure 
calculational schemes;3 these calculations take into account 
charge transfer at the interface and, therefore, are likely to 
correctly estimate the interface dipole. However, midgap en­
ergy models continue to be important for those systems that 
are more difficult to treat by supercell calculations, for ex­
ample, because of a large lattice mismatch at the interface, 
and for a physical insight into the trends observed in band 
offsets for different semiconductor combinations. 

At present, all "general-purpose" theories based on spe­
cific bulk properties have one feature in common: they pre­
dict a linear dependence of the band offset on these proper­
ties.4 A direct consequence of linearity is the concept of 
commutativity, i.e., 

aE~,A~B) = aE~B~A). (I) 

In practical terms, this means that two different interface 
preparations (A grown on B, and B grown on A, respective­
ly), should give identical band offsets. Unfortunately, ex­
perimental tests of band offset commutativity have been in­
conclusive so far. Katnani and Margaritondo,S in their 
study of a large number of heterojunctions involving Si and 
Ge, arrived at the conclusion that, on average, deviations 
from linearity (here derived from the concept of transitiv­
ity) were < 0.03 eV per interface. Waldrop et al., on the oth­
er hand, found a difference of 0.27 and 0.23 eV for different 

growth sequences of AIAs-GaAs(1lO) and 
ZnSe( 11O)-Ge;6 however, Katnani and Bauer, in a later 
study, found a negligible deviation from commutativity for 
GaAs-AIAs( 100).7 In order to provide a wider experimen­
tal basis for a discussion whether commutativity is fulfilled, 
we have studied band offsets between ZnTe and CdS by pho­
toemission, using ZnTe/CdS/ZnTe quantum wells grown in 
situ, thus removing the influence of changes in the experi­
mental parameters. Our results also extend the data base for 
heterojunctions between II-VI semiconductors, for which 
fewer reports are available than for the widely studied III -V 
junctions. Apart from an earlier study of ZnSe-MnSe, 8 this 
is the only in situ photoemission study of band offsets in a 
single quantum well. 

II. EXPERIMENTAL 

The experiments were carried out in a commercial angle­
resolving photoelectron spectrometer (ARIES HA 50 by 
VSW Ltd.), with an angular resolution of - 2° half-angle; the 
chamber also contained a crystal holder with heating facili­
ty, a low-energy electron diffraction (LEED) optics, and a 
cleavage device. Photoemission experiments were carried 
out at the BESSY (Berliner Speicherring-Gesellschaft ftir 
Synchrotronstrahlung mbH) storage ring on the toroidal 
grating monochromator TGM 4. The photon energy range 
from 40 to 70 e V was used, yielding an overall resolution 
of - 0.1 e V. The chamber had base pressures of 3 to 
6 X 10 ~ II mbar. 

The ZnTe( 110) surfaces were prepared by cleaving of un­
doped ZnTe crystals (provided by G. Lamprecht, West Ger­
many) in vacuo. CdS and ZnTe layers were deposited from 
CdS and ZnTe powder in two Knudsen cells of our own 
design,9 as described previously. 10,1 I Layer thicknesses and 
growth rates were determined from the intensities of the sub­
strate and overlayer core level photo emission as a function of 
deposition; due to the fact that the Cd 4d level overlaps with 
the Zn 3d level, this procedure is liable to a fairly large error 
for CdS. However, we were able to estimate growth rates 
from our previous work with ZnTe overlayers on 
GaSb (110) . 10 The evaporation rates for CdS, evaluated 
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from the Te 4d level intensities by this procedure, agreed 
well with rate determinations from the Cd and S2 vapor 
pressures resulting from the congruent evaporation at the 
cell temperatures that were used. Substrate temperatures 
were measured by a chromel-alumel thermocouple mount­
ed between the crystal holder and the sample, thus being 
liable to a certain error; they ranged from room temperature 
to 200 °C. Five different quantum wells were grown in this 
way, with well thicknesses in the range from 8 to 50 A. 

In order to determine the energies of the core leve1 lines 
and the valence band maximum with respect to the Fermi 
energy E F' spectra were recorded from a gold plate mounted 
in electrical contact with the substrate crystal. The absolute 
value for the photon energy was determined using light from 
the second order of the diffraction grating. The work func­
tion change during CdS deposition was measured by record­
ing the low-energy cutoff in the photoelectron spectrum with 
a negative potential of 10 eV applied to the crystal. 

III. RESULTS AND DISCUSSION 

The growth of the CdS quantum well on the ZnTe( 110) 
substrate may be readily followed by the intensities of sub­
strate and overlayer core level photoemission lines as shown 
in Fig. 1. The data were recorded using a photon energy of70 
eV, in e1ectron emission normal to the surface, and an angle 
of incidence of the light of 50°; they were normalized with 
respect to the photon flux using the signal from the mono­
chromator refocusing mirror, the gold-coated surface of 
which was used as a monitoring diode. The bottom spectrum 
shows the emission from the clean ZnTe( 110) surface, dis­
playing the well-resolved Te 4d doublet and the Zn 3d line 
which, due to its band character, exhibits a main line and a 
smaller peak at lower binding energy; their relative intensi-
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FIG. I. Photoelectron spectra of the core and valence band region of 
ZnTe( 110), covered with different amounts of CdS and ZnTe as indicated. 
Photon energy 70 eV, normal electron emission. Note the coverage-depen­
dent changes in the Te 4d intensity and the shape of the Zn 3d ICd 4d re­
gion. 

J. Vac. Sci. Technol. 8, Vol. 8, No.4, Jul/Aug 1990 

ties and exact positions depend on photon energy and emis­
sion direction, indicative of the contribution of direct (i.e., k 
conserving) transitions from the Zn 3d initial states. 12 Upon 
deposition of small amounts of CdS, the Te 4d intensity de­
creases, and a shoulder at higher binding energy grows on 
the Zn 3d peak. Subsequent depositions enhance this trend, 
until, at a thickness of 8 A, the signal from Cd 4d dominates, 
and the Te 4d level is strongly suppressed. In the particular 
experiment from which the data shown in Fig: 1 were taken, 
a subsequent layer ofZnTe was grown on the CdS film. The 
corresponding spectra are shown; apart from the expected 
increase in Te 4d and Zn 3d intensity, note that the Te 4d 
doublet is less well-resolved than in the spectra from the 
clean surface. 

Previous experiments have shown that a sizeable interface 
reaction can occur in heterojunctions between 111-V and 11-
VI compound semiconductors; 10,11 they are also like1y to 
occur in the present case of a II-VI/II-VI junction. This 
aspect of interface formation is particularly important in the 
present study, since a varying extent of the reaction may 
contribute to a growth sequence dependence of the valence 
band discontinuity. Information on such a reaction was 
therefore derived from high-resolution core level spectra, 
which have been shown to be invaluable for the analysis of 
interface elemental and chemical composition. The data for 
the Te 4d core level are shown in Fig. 2. The bottom spec­
trum shows the clean ZnTe( 110) Te 4d core level. Apart 
from the data points we also show a fit curve (line), based on 
one Lorentzian line representing intrinsic linewidth, convo­
luted by a Gaussian to take into account monochromator 

ZnTe/CdS/ZnTI quantum Will TI4d 
hw.70eV 

1/1 10--_--
§ 
,g 

~ 

ZnTenl01 

~---- .dCdS • lOA ZnTe 

!: ZnTenl01 
·ilIl----~ 
i I--__ ~~~~~>,>"",.::::. ____ .8ACdS.O.7AZnTe 

~ 
~ .. 
. !::! 
'0 
E 01'---­
z 

-44 -42 

_____ ZnTe(110) 

.O.SACdS 

rv~ ,'". z.~"'" 
-40 -38 

Binding energy (eV; EF = 0) 

FIG. 2. Closeup spectra of the Te 4d peak, recorded for different coverages 
of CdS and ZnTe. The line indicates the fit curve as described in the text. 
The hatched doublet in the third curve indicates emission from a new chem­
ical species (see the text). Photon energy, 70 eV. 
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and electron analyzer resolution as well as other effects 
(phonon broadening, inhomogenous pinning, etc.). The fit 
parameters were subjected to a least-squares optimization 
routine based on the Marquardt algorithm.13 In all but the 
first spectrum, the fit curve is almost indistinguishable from 
the data points, indicating the good quality of the fit. 

Based on results from other (110) surfaces of the 111-V 
compound semiconductor surfaces,14.15 we would have ex­
pected to find clear evidence for surface atom emission to be 
shifted with respect to the bulk emission [toward lower 
binding energies in this case of the anion (Te 4d) level], to 
be visible in the raw data, let alone in the line shape analysis. 
Despite several attempts involving different ZnTe crystals, 
using different photon energies and electron collection an­
gles, however, no clear surface core level shift (SCLS) could 
be identified. Although it is difficult to give a lower limit for 
the magnitude of SCLS, they would certainly have to be 
< 100 meV to escape detection in our data analysis. This 
result is most surprising in view of the widely accepted mod­
el which identifies surface Madelung energy as the main con­
tributor to the SCLS,15.16 since ZnTe, being a II-VI com­
pound, should have a higher ionicity and therefore, a higher 
surface Madelung contribution and SCLS. This result cer­
tainly warrants further study. We note that agreement 
between the fit curve and the data is not perfect in the clean 
surface spectrum, particularly with respect to the shape of 
the 4d5/ 2 peak. This may be related to a different intrinsic 
width of the dJ12 and d S/2 level, which were constrained to 
the same value in the fitting procedure; the fit did not im­
prove when a second Lorentzian doublet was included. 

Deposition of 0.8 A CdS gives rise to a small shift in peak 
energy and a decrease of intensity. In some cases, deposition 
of overlayers has been used to identify the SCLS by their 
intensity decrease. 15.17 The failure to observe clear changes 
in the Te 4d line shape supports our above claim that the 
SCLS have to be small. This discussion ofSCLS is not peri­
pheral to the central topic of our investigation, i.e., the study 
of valence band offsets, since the input parameters for the 
core level analysis are important for a subsequent determina­
tion of coverage-dependent band bending, which directly en­
ters into the value for t:.E". While little change in line shape 
occurs on the Te 4d level up to the highest coverages, the 
situation changes when ZnTe is deposited onto the CdS 
"quantum well" overlayer. This is shown in the third spec­
trum of Fig. 2. The rather broad peak shape can be well­
reproduced by two doublets, one of which (shown hatched) 
is shifted by 0.6 eV with respect to the bulk Te emission. The 
second component obviously stems from a reacted interface 
component, because the final spectrum shows a well-re­
solved doublet which is very similar to the one from the 
substrate surface; the reacted component is therefore con­
fined to the interface region. From the binding energy of the 
new Te 4d component, 39.23 eV, we conclude that CdTe is 
formed, since the binding energy value reported for the 
Te 4d level in CdTe( 100) is 39.34 eV18 [both referenced to 
the valence band maximum (VBM)]. The enthalpy of for­
mation for CdTe is only 60% of that for CdS ( - 161.9 
kJ mol- 1), but these bulk thermodynamic values may not 
be applicable to the present interface situation. Since we 
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were limited to photon energies below-120 eV, it was not 
possible to determine whether an accompanying zinc-sulfur 
reaction took place because of the binding energy of the sul­
fur 2p level (Eb = 163 eV). In view of the fact that equal 
arrival rates occur in the case of congruent evaporation used 
here, such reaction appears likely; however, the Zn 3d peak 
cannot be used for chemical analysis because of the band 
character of this level (see above) . From the intensity of the 
new line, we estimate that the corresponding amount may be 
approximately one to two monolayers equivalent. The react­
ed component is buried at the interface as indicated by the 
top spectrum in Fig. 2; this shows the Te 4d peaks recorded 
from a 10 A thick overlayer of ZnTe on the CdS well layer, 
which can again be described by only one Lorentzian. 

The valence band maximum emission such as shown in 
Fig. 3, used in combination with band bending shifts de­
duced from the Te 4d core level, provides a basis for the 
determination of the valence band offset t:.Ev • On the left­
hand side, the major features of the valence band are seen, 
and it is obvious that considerable changes occur as the CdS 
layer is formed. The bottom spectrum exhibits the features of 
clean ZnTe(1lO); with increasing deposition, the peak 
shapes change, and in the 8 A CdS spectrum, an entirely 
different shape is observed. As the subsequent ZnTe over­
layer builds up, the spectrum reverts to the initial shape, 
although with less well-defined shape on each of the peaks. 
This is more likely due to a high degree of disorder in the 
overlayer. Considering a lattice mismatch of 4.5% between 
ZnTe and CdS, the critical thickness beyond which the 
strain in the over layer is released by dislocations, is fairly 
small, probably - 20 A. 19 Thus it is reasonable to assume 
that the spectrum, which is characterized by direct transi­
tions, will have a higher proportion of contributions from 
other crystal orientations, and/or a higher amount of scat­
tering of the photoelectron due to these lattice imperfections. 
The main ingredients of the ZnTe valence level spectrum 
may still be distinguished in the topmost spectrum, however. 

From the valence 'band maximum region shown on the 
right-hand side, an eQ.ergy difference of-l eV between the 
VBM of ZnTe and CdS is derived. The VBMs, evaluated by 
linear extrapolation, are combined with the band bending 
changes upon layer deposition to give the valence band offset 
in Fig. 4. Different symbols refer to each of the five quantum 
wells; in one of the experiments, a thin ZnTe buffer layer was 
grown on the cleaved ZnTe crystal in order to ascertain that 
growth conditions resulted in the production of well-defined 
ZnTe layers. Results from this buffer layer were found to be 
indistinguishable as compared with fresh cleaved crystals. 
Figure 4 shows the emergence of the new valence band maxi­
mum as a function of overlayer thickness; this quantity was 
derived, for CdS layers, from the decrease ofTe 4d intensity 
as a function of deposition time, and calibrated into thick­
nesses using a semilogarithmic plot and tabulated photoelec­
tron mean free path lengths. For the subsequent ZnTe 
growth, we relied on deposition rates evaluated from a pre­
vious ZnTe MBE growth experiment,1O because core level 
attenuation based on the Cd 4d level was deemed not accu­
rate enough because of its overlap with the Zn 3d peak. Be­
cause of the direction of t:.E" for CdS/ZnTe, emission from 



763 Wilke, Maierhofer, and Horn: Test of band offset commutativity by photoemission 763 

>. -U'I 
C 

ZnTe/CdS/ZnTe quantum well 

valence band region VBM 

-. ... , 

ZnTe(110) 

+ sA CdS + lOA ZnTe 

ZnTe(110) 

+SACdS + 3AZnTe 

~ 
C 

.' ..... "-­---- ZnTe(110) 

+SACdS 

FIG. 3. Valence band spectra 
for ZnTe( 110) and CdS as well 
as ZnTe overlayers, showing 
the changeover from the char­
acteristic feature of ZnTe, to 
those of CdS. The final layer of 
ZnTe exhibits similar but 
broadened features compared 
with those of the substrate. 
Photon energy 70 eV, normal 
electron emission. 

-s -6 -4 -2 -3 -2 -1 

Binding energy (eV; EF=O) 

the ZnTe VBM (at lower binding energies than from the 
CdS VBM) will be detected up to fairly high layer thick­
nesses. The gradual emergence of tlEv as presented in Fig. 4 
should not be mistaken as indicating the real establishing of 
tlE,,; rather, Fig. 4 represents the evolution of the experi­
mental parameters by which it is determined. There is one 
feature of the tlEv versus coverage curve which merits atten­
tion; this is the initial increase of the valence band maximum 
value measured at the very lowest CdS deposition. While the 
effect is small (- + 0.1 e V), it is clearly distinguishable and 
present in all experiments. Further, we have found a similar 
"overshoot" of the VBM at low depositions also in our pre­
vious investigation of ZnTe/GaSb( 110) (Ref. 10) and 
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FIG. 4. Evolution of the valence band offset in ZnTelCdS/ZnTe as a func­
tion of overlayer thickness. 
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ZnTe(110) 

+O.SACdS 

clean ZnTe(110) 

CdS/lnP ( 110). II This phenomenon can be explained by an 
upward bending of the substrate bands due to CdS depo­
sition, which is detected by the shift in the core level peak; 
the VBM emission being already shifted by the added emis­
sion from the CdS overlayer, such that the band bending 
effect (which should also be observed here) is obscured by 
the deposition. Support for this explanation comes from the 
absence of this overshoot in the second junction (see Fig. 4). 
Here, the CdS overlayer is too thin for band bending to oc­
cur, such that no shift can take place. 

The final value of the valence band offset is found to be 
established after the deposition of - 10 to 15 A of material. 
This is not meant to indicate that the formation of the 
heterojunction actually needs layers of such a comparatively 
large thickness. Rather, it represents our experimentallimi­
tation in determining such offsets. One can infer from the 
course of the VBM in Fig. 4 that any band offset determina­
tion by photoelectron spectroscopy will have to consider this 
problem connected with overlap of valence band emission 
from both substrate and overlayer (except in those cases 
where the offset is positive, i.e., emission from the overlayer 
occurs at lower binding energies than that of the substrate, 
such as in the case ofGe on ZnSe20 

). Determinations of tlEv 
based on overlayer thicknesses as low as 8 A (Ref. 8) may 
therefore be subject to a small error. The size of the deviation 
from the true offset will depend on the photon energy used, 
due to the characteristic escape depth of the photoelectrons 
for a given lim. The offset at the CdS/ZnTe interface is simi­
larly affected by the overlap of the valence band maxima. 
From the plot in Fig. 4, the magnitude of tlEv can be derived. 
For the first ZnTe/CdS interface, a value of tlEv = 0.90 eV 
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is obtained. The second interface has a valence band offset of 
very similar magnitude, AEv = 0.99 eV. While there is some 
scatter in the magnitude of AEv for the second interface for 
high values of ZnTe layer thickness, it is certainly higher 
than the value for the first junction as evident from the data 
points in Fig. 4. 

The error in the determination of AEv needs some consi­
deration at this point. The valence band offset is derived 
from the shift in energy of the substrate bulk Te 4d core 
level, which is derived through the fitting routine with an 
absolute precision (fit routine confidence interval for I (J de­
viation) of ± 0.01 eV; the precision for the shifts due to 
band bending is even better. Probably, the largest error is 
introduced through the determination of the valence band 
maximum, for which we use the linear extrapolation of the 
spectral region near the VBM. This involves a sizable abso­
lute error; its magnitude, as determined from different ex­
treme possibilities for linear extrapolation, is estimated to be 
30 to 50 meV. Again, the relative error is smaller, but com­
bined with the error for the core level line we arrive at an 
overall precision of approximately ± 50 meV. Taking this 
uncertainty into account, the difference between the values 
for AEv (0.09 eV) is seen to lie just within the error margins 
for the determination of the two band offsets. 

Apart from the measurement of the valence band offset, 
the photoemission technique also gives access to other im­
portant characteristics of the heterojunction. This is dis­
played in Fig. 5, where the valence band discontinuity of Fig. 
4 is shown together with the conduction band offset as de­
rived from the magnitude of the fundamental gap Eg for the 
two semiconductors; for CdS, we have used Eg for the wurt­
zite structure, although we infer from our LEED photo­
graphs that CdS grows pseudomorphically in the zinc­
bien de structure on ZnTe( 110), similar to what is observed 
on InP(110). The course of the valence and conduction 
bands across the quantum well shows that the ZnTe/CdS 
heterojunction is of the staggered type (also called type II). 

ZnTe 

6=-0,0IeV 

lIEc =-0,74eV 

Eg=2,26eV 

lIEy =-0,90eV 

CdS ZnTe 

6 = 0,10eV , 

1I Ec = 0,83 eV 

Eg =2,26eV 

Eg=2,42eV 

lIEy=O,9geV 

CBM 

VBM 

FIG. 5. Alignment of valence and conduction bands in the ZnTe/CdS/ZnTe 
quantum well with a well thickness of 50 A. Also shown is the change in the 
vacuum level (work function change) at the two interfaces (see the text). 
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This rare way of valence and conduction band alignment has 
so far been observed only once experimentally, in the case of 
ZnSe/MnSe/ZnSe reported by Asonen et aJ. 8 While in the 
present case, the discontinuity is distributed rather evenly in 
both valence and conduction bands, Asonen et al. found a 
very small valence band offset and a larger conduction band 
offset. From the total width of the photoelectron spectra and 
by precisely measuring the photon energy, we can derive the 
ionization energy I * for the surface under study. For clean 
ZnTe( 110), this is shown in Fig. 5; 1* is 6.02 eV, somewhat 
larger than the value found on ZnTe layers (5.56 eV) in a 
previous band offset study.IO For the CdS overlayer, 
1* = 6.90 eV, very close to the value for CdS overlayers on 
InP(110) [7.00 eV (Ref. 11)]. At the ZnTe/CdS interface, 
this gives a very small change in the dipole part of the vacu­
um level (change in work function) of 0.01 eV; this value has 
increased to 0.1 eV at the CdS/ZnTe interface. 

Having established the valence band offset, we compare 
its magnitude with different schemes for predicting tl.E". 
The semiempirical scheme of Katnani and Margaritond05 

has been widely used for such predictions; it is based on the 
concept of transitivity (another feature common to all linear 
theories), and involves the deposition of Si and Ge over­
layers on a wide variety of semiconductor surfaces. Their 
semiempirical table, which was improved by taking into ac­
count more recent experimental values/ yields 
tl.E" = - 0.74 e V for ZnTe/CdS, certainly within the limits 
of the overall accuracy of approximately 0.15 e V which the 
authors quote. Another way of estimating band offsets is 
based on the analogy between Schottky barrier formation 
and heterojunctions drawn by Tersoff21 who, starting from 
earlier work by Heine,22 postulated the existence of a charge 
neutrality level (CNL) that serves to adjust the valence lev­
els on either side of the heterojunction. Because of tunneling 
of states from one side of the junction to the other, a charge 
transfer dipole will occur. Using the values for the Schottky 
barrier height of gold for p-type material as a measure for the 
CNL,23 a value of AE" = 0.98 e V is found, i.e., very close to 
our experimental result. In Harrison's tight-binding theo­
ry,24 the valence band maxima result from a superposition of 
the p levels of the free cation and anion, combined with a 
universal interatomic coupling term which only contains the 
bond length. Assuming the interface dipoles are negligible, 
the so-called "natural lineup" is obtained; its magnitude is 
- 1.62 eV. Current thinking stresses the importance of the 

interface dipoles, however; in a later paper, Harrison and 
Tersoff25 include this dipole, and find a valence band offset 
of - 0.74 eV. This shows that for the present system in par­
ticular a large difference occurs when dipoles are included. 
Finally, among these theories based on bulk semiconductor 
properties, the Frensley-Kroemer pseudopotential mode126 

gives tl.E" = - 0.68 eV for ZnTe/CdS, but without includ­
ing interface dipoles. It is difficult to estimate the confidence 
margin for these predictions. Due to the fact that the junc­
tion is not well lattice matched, superceU calculations (such 
as performed by Christensen for a number ofjunctions3

) are 
not available, and neither are values derived from the dielec­
tric midgap energy model of Cardona and Christensen.2 We 
are therefore left with the above comparisons, which give 
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good agreement, in contrast to what is sometimes found for 
other systems. Part of the good agreement may be due to the 
fact that only a small dipole layer exists at the ZnTe/CdS 
interface. 

Tests of valence band offset commutativity are of central 
importance for an assessment of the validity of the basic lin­
earity assumption, which is common to all present theories 
for the prediction of the band lineup. Having established the 
band offset on both sides of the ZnTe/CdS/ZnTe quantum 
well, we will now discuss these results in the light. of current 
theoretical concepts of band discontinuities. Results for 
Schottky barrier heights as well as heterojunctions have 
shown that the concept of a specific charge neutrality level 
(CNL), which acts as a reference level for the alignment of 
the band structures of the two semiconductors upon contact, 
can explain much of the experimental data for these systems, 
sometimes with surprising accuracy. The influence of this 
level may be compared with that of the Fermi level in metal­
to-metal junction. In such a contact, charge will flow, result­
ing in a dipole that cancels the difference in work function of 
the two metals, such that the interface will be in equilibrium. 
The situation in a contact between two insulators will be 
different; here, no charge flow occurs, such that the discon­
tinuity will occur between the two CNLs, and the vacuum 
levels will be aligned; there is no dipole. The situation in a 
semiconductor will be somewhere in between these two 
limiting cases. While some charge flow will occur, causing a 
dipole to be formed that will compensate the difference in the 
vacuum levels, it is also reasonable to assume that the CNLs 
will not be perfectly adjusted. Since we refer the valence 
band maxima to the CNL, this has a direct influence on the 
AEu' Restated in a simple way, the factors affecting the va­
lence band offset divide up into a dipole term between the 
vacuum levels and an energy difference between the neutra­
lity levels. This situation is visualized in Fig. 6. The question 
is then how close the case of two semiconductors is to either 
limiting cases. For III-V semiconductors, Tejedor and Flo­
res have estimated that the situation is closer to the case of 
two metals, with energy differences between the two CNLs 
of up to~0.2 eV.24 

So far, there is no difference between the AEu 's at the two 
sides of a quantum well. Consider, however, the case of an 
additional sheet of dipoles introduced at the interface, either 
through an interface reaction occurring at only one of the 
two sides, or through intentional deposition of some material 
at the interface. 25 Tersoff has considered this case in a 
thought experiment. He argues that embedding a sheet of 
dipoles Ox in a semiconductor leads to a net screened dipole 
0= ox/E, where E is the static long-wavelength dielectric 
constant. Since the screening charge in a semiconductor is 
confined to a region of a few angstroms around the charge 
being screened, the extra observable valence band discontin­
uity by the sheet of dipoles corresponds to the net screened 
dipole. This extra dipole will thus change the balance 
between CNL energy difference and vacuum level "offset" 
mentioned above. We contend that this behavior is precisely 
what we observe in the case of the ZnTe/CdS/ZnTe quan­
tum well. The second valence band offset is larger than the 
first by ~ 0.1 e V, and this increase is reflected in the change 
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FIG. 6. Schematic diagram of energy levels at a heterojunction. (al No 
charge transfer between the constituents, and thus, no dipole. (b 1 Realistic 
case with charge transfer. The energy differences is seen to divide up into a 
dipole part which shifts the vacuum level, and an energy difference between 
the charge neutrality levels (CNL). After Tersoff, Ref. 21. 

of the vacuum levels (work function) at the second inter­
face, which is also larger by 0.1 eV, as it should be from the 
reasoning outlined above. Since the reacted Te 4d photoe­
mission line only occurs at the second interface, we argue 
that the reaction products introduce a sheet of dipoles that 
affect the band offsets in the way described above; such an 
influence of interlayers in heterojunctions has previously 
been reported by Perfetti et af. 28 It is worth noting that, in 
this present system, the differences between the band offsets 
on both sides of the quantum well are small, close to the 
combined experimental accuracy; however, the systematic 
occurrence of differences in AE" and the vacuum level is 
strong evidence in favor of an explanation of the observed 
differences in terms of the influence o(dipole layers caused 
by interface reactions. 

If the band offset is influenced by the presence of dipole 
layers due to interface reaction products and/or foreign spe­
cies, as suggested from our data and the above discussion, 
deviations from commutativity would find a natural expla­
nation. Unfortunately, there are only a few studies of this 
aspect of band alignment in the literature. We will first dis­
cuss the only other in situ study of commutativity by Asonen 
et af. 8 using ZnSe/MnSe/ZnSe quantum wells grown on a 
GaAs substrate, and then consider several examples for 111-
V semiconductors. A comparison of our data with those by 
Asonen et al. is particularly interesting since their system 
also involved II-VI semiconductors with large band gaps, 
and the lattice mismatch is also very similar (4.7%). They 
find no deviation from commutativity within their error lim-
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it, and no change in band bending upon interface formation. 
Being restricted to laboratory photon sources (He 1), they 
base the band bending evaluation on the Zn 3d level, which 
at least for ZnTe has still valence band character. 12 One 
might argue that the center of gravity of the peak will not 
change during interface formation, since the bulk band 
states will not be strongly affected. However, it would be 
difficult to extract from this peak the kind of chemical infor­
mation that we have seen to be related to interface reactions 
in several systems 10.11 including the present one, and a sepa­
ration into band bending and chemically induced is obvious­
ly particularly difficult in a peak where a clear spin-orbit 
splitting cannot be identified. Asonen et af. have used very 
thin (6 A) quantum wells, and the final ZnSe overlayer was 
of similar thickness. From the evolution of the experimental 
value for the band offset, such as shown in Fig. 4 (as well as 
similar data for other junctions 10, II ), we can infer that the 
major part of the band offset is accessible even at these low 
thicknesses, although at such low photon energies the sensi­
tivity for the underlying bulk emission is greater. In view of 
the small valence band offset (0.16 eV) the error introduced 
by the use of very thin quantum wells is probably less impor­
tant. It must also be noted that in such a system with a com­
mon anion, chemical reactions are probably less important 
than in our present case. 

Other tests of commutativity have been performed using 
the concept of transitivity in junctions involving a group of 
three semiconductors A, B, and C, i.e., 

(2) 

Obviously, transitivity is a concept intrinsic to all linear 
theories and is interrelated with commutativity. Tran Minh 
Duc et af.29 have studied these relations in the three semi­
conductors CdTe, HgTe, and ZnTe. In establishing /lE" for 
all three interfaces between these compounds, they found 
that Eq. (2) was fulfilled, despite the strain introduced in 
these lattice mismatched junctions. In the light of our pres­
ent results, it is interesting to note that Tran Minh Duc et al. 
found a small deviation from commutatIvity for 
ZnTe-CdTe( ill), i.e., a surface orientation on which, be­
cause of its polar nature, reaction-dependent changes in the 
dipole layer are more likely than on the nonpolar (110)' sur­
face. This small deviation (50 meV) is at the limit of the 
experimental uncertainties. Again, the system studied by 
these workers is of the common anion type. 

Other tests of linearity have involved interfaces between Si 
and Ge and a large group of III-V and II-VI semiconduc­
tors. 5 For these room-temperature grown junctions, Kat­
nani and Margaritondo found an average deviation of 0.09 
e V per system. Tests oflinearity were carried for a few specif­
ic systems, among them for the technologically important 
AIAs-GaAs( 110). Kowalczyk et al. 6 found a difference of 
0.23 e V in /lEv when the growth sequence of this junction 
was reversed. The magnitude of this effect, which is far 
above the uncertainty of the experiment, suggests a massive 
difference in interface structure for the two junctions. Note 
that Niles et al.,30 by introducing ultrathin (2 A) Al layers 
into a ZnSe-Ge heterojunction, were able to change /lEv by 
0.2 to 0.3 eV. For AIAs-GaAs( 100), Katnani and Bauer 
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later performed another commutativity test of these junc­
tions, but using the (100) surface; 7 they found a negligible 
difference in the band offsets. Taken at face value, these data 
suggest that there are large influences of surface orientation 
and/or orientation-induced or growth condition-related 
chemical changes that cause the observed differences. Ex­
periments for other systems also point to large deviations 
from linearity. Waldrop et al., 31 studying pairs of interfaces 
containing GaAs, ZnSe, and CuBr, found deviations from 
transitivity of 0.70 eV, i.e., an average deviation of 0.23 eV, 
certainly beyond any experimental uncertainty. Thus, while 
the deviation from linearity has been established for a few 
systems, not enough data are available for an assessment of 
the causes in a particular system; this is clearly desirable, in 
particular for such important junctions as GaAs-AIAs. The 
influence of ultrathin interlayers such as reported by Perfetti 
et af. 28 and Niles et al. 30 assert that dipole effects caused by 
such preparations can in fact cause fairly large changes in 
/lEv' 

In summary, we have characterized the ZnTe-CdS heter­
ojunction by valence and core level photoemission, using an 
in situ grown quantum well. The valence band offset is of 
type II (staggered) rarely encountered in experimental stud­
ies. We find differences in the chemical reactions at the inter­
face. The band offset at both sides of the CdS quantum well 
exhibit small differences, which are also reflected in the di­
pole contribution at the interfaces. These results, while re­
porting only small deviations from commutativity, suggest 
that the dipole contribution of varying magnitude caused by 
such reactions influence the magnitUde of the band offset in 
semiconductor heterojunctions. 

ACKNOWLEDGMENTS 

We gratefully acknowledge the expert help of H. Haak in 
the preparation of the MBE cell, and the support by the 
BESSY staff. This work was supported by Bundesminister­
ium fUr Forschung and Technologie under Grant No. 05 490 
FXB as well as the Deutsche Forschungsgemeinschaft 
through SFB 6 project A OS. 

I See the articles in Heterojunction Band Discontinuities: Physics and Device 
Applications, edited by F. Capasso and G. Margaritondo (North-Hol­
land. Amsterdam, 1987). 

2 M. Cardona and N. E. Christensen, J. Vac. Sci. Techno!. B6, 1285( 1988), 
and references cited therein . 

.1 N. E. Christensen, Phys. Rev. B 37,4528 (1988). 
4G. Margaritondo and P. Perfetti, in Ref. I, Chap. 2. 
'A. D. Katnani and G. Margaritondo, Phys. Rev. B 28, 1944 (1983). 
6 J. R. Waldrop. S. P. Kowalczyk. R. W. Grant. E. A. Kraut, and D. L. 

Miller, J, Vac. Sci. Techno!. 19, 573 (1981); S. P. Kowalczyk, E. A. 
Kraut. J. R. Waldrop, and R. W. Grant, ibid. 21, 482 (1981). 

7 A. D. Katnani and R. S. Bauer, Phys. Rev. B 33, 1106 (1986). 
"H. Asonen, J. Lilja, A. Vuoristo, M. Ishiko, and M. Pes sa. App!. Phys. 

Lett. 50,733 (1987). 
"H. Haak, W. G. Wilke, and K. Horn (to be published). 
lOW. G. Wilke and K. Horn, J. Vac. Sci. Techno!. B 6.1211 (1988). 
II w. G. Wilke, R, Seedorf, and K. Horn. J. Vac. Sci. Techno!. B 7.809 

(1989). 
12 W. G. Wilke, Ch. Maierhofer, and K. Horn (to be published). 
IJ P. R. Bevington, Data Reduction and Error Analysis/or the Physical Sci­

ences (McGraw-Hili, New York, 1969). 
14 D. E. Eastman, T.-C. Chiang, P. Heimann, and F. J. Himpsel, Phys. Rev. 

Lett. 45,656 (1980). 



767 Wilke, Malerhofer, and Horn: Test of band offset commutativity by photoemlssion 767 

J5 W. G. Wilke, V. Hinkel, W. Theis, and K. Horn, Phys. Rev. B 40, 9824 
( 1989). 

16 J. Davenport, R. E. Watson, M. L. Perlman, and T. K. Sham, Solid State 
Commun. 40, 999 ( 1981 ). 

17W. Woicik, P. Pianetta, and T. Kendelewicz (to be published). 
IRp. John, T. Miller, T. C. Hsieh, A. P. Shapiro, A. L. Wachs, and T. C. 

Chiang, Phys. Rev. B 34,6704 (1986). 
Iq J. W. Matthews and A. E. Blakeslee, J. Cryst. Growth. 27, 118 (1974). 
2OG. Margaritondo, C. Quaresima, F. Patella, F. Sette, C. Capasso, A. Sa-

voia, and P. Perfetti, J. Vac. Sci. Techno!. A 2, 508 (1984). 
21 J. Tersoff, Phys. Rev. B 30, 4874 (1984); see also Ref. I, Chap. I. 
nV. Heine, Phys. Rev. A 138,1698 (1965). 
2J Table 10 in Ref 4. 

J. Vac. Sci. Technol. B, Vol. 8, No.4, Jul/Aug 1990 

'4W. A. Harrison, J. Vac. Sci. Techno!' 14, 1016 (1977); Phys. Rev. B 24, 
5835 (1981). 

"w. A. Harrison and J. Tersoff, J. Vac. Sci. Techno!. B 4,1068 (1986). 
'''w. R. Frensley and H. Kroemer, J. Vac. Sci.Techno!. 13, 810 (1974). 
27c. Tejedor and F. Flores, J. Phys. C 11, L 19 (1978). 
2R P. Perfetti, C. Quaresima, c. Coluzza, C. Fortunato, and G. Margari­

londo, Phys. Rev. Lett. 57, 2065 (1986). 
2"Tran Minh Duc, C. Hsu, and J. P. Faurie, Phys. Rev. Lett. 58, 1127 

(1987). 
JOD. W. Niles, G. Margaritondo, P. Perfetti, C. Quaresima, and M. Capozi, 

App!. Phys. Lett 47, 1092 (1985). 
JI J. R. Waldrop, R. W. Grant, S. P. Kowalczyk, and E. A. Kraut, J. Vac. 

Sci. Techno!. A 3,835 (1985). 


