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Interface properties and valence-band discontinuity of MnS/ZnSe heterostructures
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Tetrahedrally bonded, metastable zinc-blende single-crystalline, single-phase MnS was grown by molecular-
beam epitaxy on ZnSe buffer layers grown on GAA$) substrates. The interface between MnS and ZnSe was
studied by transmission electron microscopy and x-ray photoelectron spectroscopy. The valence-band discon-
tinuity in B8-MnS/ZnSe heterostructures was measured by x-ray-induced photoelectron spectroscopy. The
valence-band discontinuity is not resolved in valence-band spectra from the interface, thereby implying that it
is small. We therefore determined the discontinuity from the separation of the core levels at the interface and
in reference samples of ZnSe apdMnS. The results indicate that the valence-band discontinuity at the
B-MnS/ZnSe interface is smalhbout 150 meYand that the band alignment is of type Il. This result agrees
with low-temperature photoluminescence measurements on MnS/ZnSe superlpBids3-18206)02727-

0]

INTRODUCTION larly, MnSe and MnTe were grown as single-crystalline lay-
ers with the zinc-blende structure by MBE This has been
Lattice-matched quantum-well structures based on thechieved even though for MnS, MnSe, and MnTe the stable
quaternary alloy Zp_,Mn,_,Se,S, could be a possible al- structure is the rocksalt structure when prepared by equilib-
ternative to the Mg-based materials for laser or light-emittingrium growth methods.
diode applications in the blue-green region of the visible
spectrum. This system replaces the highly chemically reac-
tive Mg with less reactive Mn, reducing the ionicity of the EXPERIMENT
material while offering similar possibilities for a wide range
of wide-gap quaternary alloys lattice matched to GaAs or All samples for this work were grown on Ga@€0) sub-
ZnSe. In heterostructures, the electronic transport propertiegirates MBE in a RIBER 2300 system at University of Illi-
are determined, to a large extent, by the electronic structuraois at Chicago. This MBE chamber is connected to two
near the interfaces. The purpose of this paper is to descritgurface analysis chambers through transfer modules and
the structure of the interface between MnS and ZnSe anblence the samples can be transferred between the growth
reports on an experimental study of the valence-band discorthamber and the analysis chambers through ultrahigh
tinuity between these materials. This information is criticalvacuum. For a comprehensive description of the growth, we
for calculating the electronic band structure of the quaternaryefer the reader to previous publicaticrisBriefly, the GaAs
structures. substrates were chemically etched in a 4:1:1 solution of
MnS is a semimagnetic semiconductor with a large bandH ,SO,: H,0,:H,0, rinsed in HCI and HO and then loaded
gap Eg=3.8 eV at 0 K. During equilibrium growth tech- into the UHV system. The native oxide was desorbeslitu
nigues, MnS crystallizes in the stable rocksalt phase. Thby heating the substrate to about 600 °C. Once the desorp-
metastable tetrahedral zinc-blende or wurtzite phases of Mnon was complete, the substrate is cooled down with Zn or
have been prepared mainly by low-temperature chemicabe flux and the ZnSe growth initiated at 350 °C using el-
synthesis or evaporation techniques. Okajima and Tohdamental Zn and Se. The corresponding growth rate was 0.1
have reported the direct growth of MnS by gas sourcenm/s.
molecular-beam epitaxyMBE) onto GaAs(100), (11DA, MnS was grown using a conventional effusion cell for Mn
and(111)B oriented substrates. At substrate temperatures bexnd a cracker cell for sulfur. Since the GaAs surface reacts
tween 150 °C and 250 °C single-crystalline wurtzite MnSwith elemental sulfur, exposing it to a flux of sulfur would
was grown on(111) oriented substrates while similar growth make it rough. Therefore, MnS was not grown directly on
on GaA$100 substrates yielded a mixture of zinc-blende, GaAs, but only on top of the ZnSe grown on GaAs. The
rocksalt, and wurtzite phasésRecently, we have grown growth rate was in the range of 0.05-0.1 nm/s and the sub-
single-crystal zinc-blende MnS on GaA80).22 However, strate temperature was set to 100 °C to 125°C. The low
we found that the direct exposure of GaAs to S causes integrowth temperature is necessary to maintain the zinc-blende
facial roughnesé? in agreement with observations by Guha structure. Our study shows that zinc-blende MnS can be
et al* We speculated that this could be due to a chemicagrown on ZnSe/GaAs with a thickness of more than 50 nm.
reaction involving the formation of volatile G&2 Simi-  This is much beyond the information depth for x-ray-induced
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FIG. 1. XPS spectra fronfa)
the Se  and S 2 core levels
and (b) the Zn 3 core level and
valence band. The spectra are for
a thick layer of ZnS€00 on
12 GaAs, B-MnS(100) on
ZnS€100/GaAq100) with in-
creasing MnS thickness, and a
thick layer of Mn$100 on
ZnS€100/GaAg100), respec-
320Amns tively. The dots are the experi-
mental data; the solid line is a fit
of the core levels as explained in
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photoelectron spectroscogPS). could be fitted to a single doublet for all samples. Upon the

For the XPS measurements, we used an SSX-100 instriirst deposition of MNnS0.5 nm), these peaks shift to slightly
ment with a monochromatic and focusedkMr x-ray source  ower binding energy (0.40.15 eV}, due to different band
and a hemispherical analyzer with constant pass energy. Ifending; a subsequent increase of the MnS thickness does
this work, we used a spot size of 3Qm diameter and a not alter their position. The S2spectra can be fitted to a
pass energy of 25 eV, which results in a nominal resolutiorsingle spin-orbit split doublet, except for the 30-nm-thick
of 700 meV. The binding energies are measured with respegayer of 8-MnS. For the thin layers, the binding energy de-
to the Fermi level, which was calibrated from the Adi 4 creases slightlyabout 150 meY with increasing thickness.
lines (83.9 eV). For the 30-nm-thick layer, the Sp2spectrum is fitted to the
sum of two doublets of mixed Gaussian-Lorentzian line
shape. The strongest doublet is located at 162&65 meV
(S 2p3) and is due to emission from S in MnS. This is

For ZnSe grown on GaA$00) we have measured about 300 meV higher than the $2, peak from the 2-nm-
double-crystal x-ray rocking curves with a full width at half thick layer. A much weaker doublet near 164 eV, is due to
maximum as low as 27 arc sec and free exciton linewidth oflemental sulfur at the surface. This additional S is probably
0.93 meV in the photoluminescend®L) spectra at low due to the S flux maintained on the sample during the initial
temperaturé.Both values confirm the high degree of struc- cooldown after growth.
tural perfection of the layers and show that the growth of The Mn 3p core levels are shown in Fig. 2. These core
ZnSe by MBE is optimized3-MnS was then grown on such levels are recorded in the same spectral window as the Se
ZnSe layers and the growth interrupted several times t@d peaks. Although a meaningful analysis of their line shape
record photoelectron spectra. is difficult, changes in binding energy can be extracted easily

Figure 1 shows a series of typical spectra recorded fofrom the spectra. By comparing two different procedures we
different thickness of MnS on ZnSe. The left panel shows théhave obtained very reproducible results. First, we determined
Se P and S D doublets, while the right panel shows the Zn the position of the Mn B core level from the half-width
3d doublet and the valence band. The topmost spectrum opoint at half height. This was done after subtracting either a
each panel is from a thick layéabout 350 nmof ZnSe on linear base line or a Shirley-type background. Next, we fitted
GaAg100). The lowest spectrum on each panel is from athe spectrum to a single peak of mixed Gaussian-Lorentzian
30-nm-thick layer of 3-MnS on ZnSe/GaAs. In between line shape. The center of this peak follows the position of the
these two end points, we show typical spectra for variousdalf-width point at half height within 50 meV. We empha-
thin layers of 3-MnS on ZnSe/GaAs. Similar spectra were size again that this is only a way of determining the change
obtained on other samples. of the peak position rather than an analysis of the line shape.

These spectra were analyzed by fitting them to the sum d#Vith this procedure, we find the position of the Mp peak
several spin-orbit split doublets with mixed Gaussian-to be independent of the MnS thickness, except for the 30-
Lorentzian line shape, added to a Shirley-type backgroundim-thick layer, for which the Mn B peak follows the S
For a given core level, the same spin-orbit parameters wer2p one. For the valence band, no striking new features are
used for the whole range of MnS thickness. The result of thi®bserved at any stage of the growth. Instead, the MnS va-
fit is shown by the solid line that is superimposed on thelence band progressively replaces the one from ZnSe. We
experimental data. We find that the Sg &nd Zn 3 spectra conclude that there is no significant reaction at the

RESULTS AND DISCUSSION
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- 1., peak areas determined as described in the text. For thp, $h2
4 10A MnS contribution from elemental sulfur has been subtracted. The dashed
lines are fits based on an experimental attenuation of the photoemis-
1 204 Mns sion signals through a uniform overlayer.
2 25A Mns length in the case of three-dimensional growth. These results
also confirm that the interface with ZnSe is reasonably
MRS abrupt. The deviations between the experimental points and
. . . h the calculated curves can be attributed to the numerous sim-
60 58 5 54 52 50 48 46 plifying assumptions in the analysis of the area versus thick-
Binding energy (eV) ness curves.

High-resolution transmission electron microscdpy¥M)

also shows that well-ordered interfaces are obtained and that
interface roughness or intermixing is limited to about 2 or 3
ML.° This should be considered an upper limit and is con-
sistent with the XPS results. Due to the similarity between
the two binary compounds, such a limited deviation from a
perfectly abrupt interface cannot be detected by XPS. TEM

Iso confirms that both the MnS and ZnSe grow in the zinc-

FIG. 2. XPS spectra from the Sel&and Mn 3 core levels. The
spectra are fog-MnS(100 on ZnS€100/GaAq100 with increas-
ing MnS thickness and for a thick layer of M(I®0) on ZnS&€100)/
GaAg100).

ZnSe/MnS interface. At least, for thin layers and within the
resolution of our spectrometer, we do not detect any of th
elements in a different electronic environment than the pur lende structure. .

binary compounds. Only the S peak position changes slightly . We Nnow use the XPS data 1o dgtermme the valence-band
as a function of MnS thickness, suggesting that the interfacg's’com'nu'ty at thef-MnS/ZnSe interface. The valence-
formation starts with the adsorption of sulfur. As we havePand spectra do not resolve the valence-band discontinuity
pointed out before, the elemental surlfur on some of théjlrectly. This implies that the discontinuity is small and that

thicker layers seems to be due to adsorbed species rather th4f have to use an indirect procedifrbased on the separa-

to interface reactions. Such a peak is not seen on thin layerdon between core levelgtig. 4). The separation between a

The variation of the various peak areas as a function of th&re level and the valence-band maximum is measured for
MnS thickness is compared in Fig. 3 with a calculation base§@C¢! ©Of the binary compounds. These numbers along with
on exponential attenuation of the photoemission signal%he separat|0_n of these same core Ieve_ls at the |_nterface allow
through a uniform overlayer. The peak areas were deteiS 10 obtain the valence-band discontinuity between
mined from the peak fitting procedure described before, ex8-MNS(100 and ZnS€100 according to

cept for Mn 3, where numerical integration was used after _ _ _ _

subtracting a Shirley-type background. An average over sev- ABv=(Bv=EcUmns™ (Bv=Bel)znset ABct- (1

eral samples vyields effective attenuation lengths of 2.2 nnThe maximum of the valence band in the binary compounds
(Zn 3d), 1.9 nm(Se 3), 1.7 nm(S 2p), and 2.0 nm(Mn  was taken as the intercept between a linear fit of the leading
3p), respectively. These values were obtained from a leasedge in the photoelectron spectrum and a horizontal back-
squares fit of the calculated curves to the experimental peaground(Fig. 5. A better approach would be to compare the
areas. Although some deviation is observed between the exaeasured spectra to a theoretical density of stdtest such
perimental points and the calculated curves, the values faa calculation is not available fg8-MnS at this time.

the effective attenuation length are quite reasonable. This The peak positions were determined by least-squares peak
shows that although the MnS layer may not grow in a perditting, except for Mn 3, where we used the half-width
fectly two-dimensional fashion, departure from the two-point at half height. When the interface is formed, the bind-
dimensional growth should be very limited, since unrealisti-ing energy of the core levels can change due to chemical
cally small values would be obtained for the attenuationshift or due to band bending. To determine the valence-band
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FIG. 4. Schematic energy-band diagram for the ZnSe/MnS in
terface and of the method used to determine the valence-band d

continuity.

affected by a weak chemical shift, whereas the Zn, Se, and
Mn core-level positions change only due to band bending.
We therefore use the pairs of core levels 2h-34n 3p and

Se A-Mn 3p. We find that the valence-band discontinuity
between ZnSE.00 and 8-MnS(100) is 0.15-0.10 eV, re-
gardless of which of these combinations of core levels we
choose and independent of the MnS thickness. According to
our experiment, the valence-band maximum of ZnSe is be-
low that of MnS. Since the band gaps of ZnSe @h#InS

are 2.82 and 3.8 eV, respectively, this means that the band
alignment is of type Il.

The uncertainty on the valence-band discontinuity is re-
lated mainly to the accuracy with which we can locate core
levels and valence-band maxima in the spectra. The accuracy
is related to the resolution of our spectrometer and to the

i\s/g;llidity of the procedure, i.e., the description of the spectra

in terms of background, line shape for the core levels and
linear extrapolation for the valence-band maximum. The va-
lidity of linear extrapolation cannot be assessed quantita-

discontinuity, we need to remove possible contributions fromy ey, hecause too little is known about the band structure of

chemical shift and only take into account contributions from

B-MnS. However, this method has been quite successful in

band bending? Based on the behavior of the core levels thaty o past for other 1-VI semiconductor heterojunctiéh&or

we have described, we assume that only the S core levels affn
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S, we also mentioned that elemental sulfur is present on
some of the thicker layers that were used to measure the
separation between the Mmp3core level and the valence-
band maximum. This should have only little effect on the
measurement, since we expect only little contribution from
the elemental sulfur near the top of the valence band, based
on the relative intensity of the two Sp2doublets. In a sepa-
rate experiment, we have grown several samples of
B-MnS, where the S flux was cut off at different times dur-
ing the cool-down. The results confirmed that the elemental
sulfur appears at the surface during the cool-down. More-
over, we do not observe an effect of the elemental sulfur on
the measured separatioB\{—Ec|)uns- As for the separa-
tion between core levels, we estimate that they result in an
uncertainty of=50 meV on the valence-band discontinuity,
based on a comparison of data from various samples and
different combinations of core levels and based on the expe-
rience with our peak fitting software. Changes of the
valence-band discontinuitysample to sample, effect of
growth conditions, etg.can thus be measured with about
50-meV accuracy, whereas we estimate the accuracy of the
absolute value of the discontinuity to be about 100-150
meV.

Strain could also affect the determination of the valence-
band discontinuity based on E@l). Indeed, the separation
between the core levels and the maximum of the valence
band was measured on relaxed layers of the binary com-
pounds, while the separation between the core levels at the
interface corresponds to layers with a variable degree of
strain, depending on the thickness of the MnS layer. We
expect this effect to be small because the lattice mismatch
betweenB-MnS and ZnSe is smalabout 1%. In principle,
such effects can be predicted theoretic&fljdowever, since
not enough is known about the effect of strain on the elec-
tronic structure of3-MnS, such a calculation is not obvious
in the present case. In similar experiments, other authors

FIG. 5. Determination of the valence-band maximum of have found that at least in some cases, the valence-band dis-
ZnS&100 and 8-MnS(100) by linear extrapolation of the leading continuity is affected by strain much less than what is pre-
edge in the spectrum. dicted theoretically and does not seem to depend on the de-
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tails of the electronic structure of the overlay@t®Also, the CONCLUSION
separation between the Zn, Se, and Mn core levels does not
depend on the thickness of the MnS layer, which suggests We have grown MnS/ZnSe heterostructures on
that the effect of strain is less than the accuracy of the XP$aAg100 by MBE. Under optimum conditions, metastable
measurements. zinc-blende MnS on ZnSe/Gaf90 has been grown by

In summary, we find that the valence-band discontinuitymBE, with a thickness of more than 50 nm. Both TEM and
between ZnS@00 and 8-MnS(100 is 0.15+0.10 eV, with  xpg show that intermixing or interface roughness is limited
a type-ll band alignment. Taking the uncertainty of thesey, 5 few monolayers. The valence-band discontinuity at the
measurements into account, the valence-band discontinuif}iarface between MnS and ZnSe was measured by XPS. We
could also be close to zero, but we can certainly rule out 3ind a small discontinuity, of about 150 meV, and a type-|

Iargg discontinuity with a type-l alignment. This result is band alignment. This is confirmed by low-temperature PL
confirmed by low-temperature PL measurements o easurements on a MnS/ZnSe superlattice

MnS/ZnSe superlatticés’ Near band-edge PL spectra were
measured on an eight-period superlattice with 3-nm-thick
B-MnS layers alternating with 5- to 6-nm-thick ZnSe layers
on a 0.17um-thick ZnSe buffer on GaA%00). A peak near
2.77 eV is observed, which is about 50 meV below the bulk
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