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ZnTe and Cr doped ZnTe films were prepared by using‘a thermal evaporation method. Zn,_,Cr, Te
(x'=10.0,0.05,/0.15)  films-were \grown‘on GaAs'(100) substrates'at'ambient temperature. X-ray
diffraction (XRD) measurements showed the presence of ZnCrTe phase with a minute amorphous
background, which slightly increased with the Cr’ concentration. Compositional analyses by X-ray
Photoemission Spectroscopy (XPS) disclosed the presence of antiferromagnetic Cr,O5; and Cr pre-
cipitates. From the XPS and Electron Spin Resonance (ESR) spectra analysis, the valence state of
Cr in ZnTe was found to be +2 with d* electronic configuration. Magnetic Force Microscopy (MFM)
analysis showed the presence of domains with an average size of 1-2 nm. Magnetic properties,
such as magnetic moment versus magnetic field dependence, were recorded with Superconducting
Quantium Interference Device (SQUID) magnetometry at 300 K. The data obtained reveal the per-
sistence of ferromagnetic behavior at 300 K. From the Arrott plot analysis, the Curie temperature

Science of

Advanced Materials
Vol. 3, 80-88, 2011

was estimated to be much greater than 300 K.
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1. INTRODUCTION

Semiconductors doped with transition metal impurities,
called diluted magnetic semiconductors (DMSs), are
important in modern semiconductor spintronics. In con-
ventional metal-based spintronics, ferromagnetic (FM)
metals are used as spin current injection/magnetic storage
layers. One advantage offered by DMSs over FM metals
is the smaller lattice mismatch that its semiconductor part-
ner would experience in heterojunction structures, unlike
the case of a FM layer. This makes research on DMSs
an actively tacked area due to the technological potential
for use in spintronic devices and their interesting magnetic
and transport properties.!™’

*Authors to whom correspondence should be addressed.
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The main requirement that a DMS should meet is that
it should exhibit ferromagnetic behavior above room tem-
perature, without any secondary phase being involved.
The discovery of ferromagnetism in (In, Mn)As® and
(Ga, Mn)As* promoted DMSs as fundamental materi-
als for spintronics because of their compatibility with
semiconductors used in present electronics. However, the
Curie temperature (7) of DMSs may not be high enough
for practical applications. Besides III-V compound semi-
conductors, II-VI compound semiconductors have also
been used as DMSs upon doping with transition metal
(TM) impurities, such as Fe, Mn and Co. This approach
does not provide ferromagnetic behavior, but confers spin
glass or antiferromagnetic properties to II-VI compound
semiconductors.®
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However, it has recently been reported that highly
p-doped ZnTe:Mn film can show ferromagnetism at the
temperature of 300 K.° This is due to the mediation of
the ferromagnetic ordering among magnetic ions by the
added hole carriers.' On the contrary, it has been pre-
dicted that when TM impurities, such as Cr, are doped
into a II-VI compound semiconductors, such as ZnTe, net
ferromagnetic exchange interactions should result in even
without p- or n-type doping.!! The reason is that in the
case of Cr-doping into II-VI semiconductors, replacement
of cation (Zn) positions itself acts as a source of holes
as well as a source of magnetic impurities. This is unlike
the case of Fe- or Mn-doping into II-VI semiconductors,
where a separate hole dopant is also required in addi-
tion to the magnetic impurity dopants (Fe, Co, and Mn)."?
Room-temperature ferromagnetic behavior was observed
when Cr was heavily doped into ZnTe films and (Zn,Cr)Te
was proved to be a real DMS. Saito et al. reported exper-
imentally that Zn,_,Cr Te sample with x = 0.2, exhibited
ferromagnetism at room temperature.'> 14

In general, ZnTe:Cr films were prepared by Molecular
Beam Epitaxy (MBE) technique by many researchers.'>-1¢
In our earlier report, we presented magnetic'” and magneto-
optical'® studies on ZnTe:Cr films on glass prepared by
using a thermal evaporation method. In the present investi-
gation, we illustrate a detailed study on the structural, com-
positional and magnetic properties of vacuum-evaporated
Zn;Cr,Te(x = 0:0540:15) films grown onto GaAs)(100).

2. EXPERIMENTAL DETAILS

Film deposition. Appropriate amounts of high-purity Zn,
Te and Cr (Alfa Aeser) metals were taken weighted
together inside three separate quartz ampoules for the
preparation of Zn,;_ Cr,Te alloys with x = 0.0, 0.05 and
0.15. In case of pure ZnTe, the vacuum-sealed ampoule
was maintained at 600 °C for 12 h. In the case of ZnTe:Cr,
the ampoules were maintained at 1100 °C for 24 h. In both
cases, the temperature of the furnace was slowly increased
step-by-step to the set value. After the reaction had been
carried out for suitable time period, the temperature was
slowly decreased in steps to room temperature. The molten
alloy was taken out and made into fine powder by grind-
ing in a mortar and then used for the growth of films.
The Zn,_,Cr, Te compound powder with x = 0.0, 0.05,
and 0.15 were thermally evaporated from a tungsten dim-
ple source onto well-cleaned GaAs (100) substrates under
a vacuum of 4 x 107> torr at ambient temperature. The
growth of each Zn,_,Cr,Te film with x = 0.0, 0.05, 0.15
were performed individually.

Characterization techniques. In order to determine the
crystal structure of Zn,_ Cr,Te (x = 0.0, 0.05, 0.15)
films grown on GaAs (100) substrate, X-ray Diffrac-
tion (XRD) patterns were recorded in the 26 scan
range of 20° to 80° by using a X-ray diffractometer
(Model - Shimadzu (XRD-6000), A = 1.5406 A). X-ray

Sci. Adv. Mater. 3, 80-88, 2011

Photoemission Spectroscopy (XPS) measurements were
carried out using an Escalab 220iXL system (VG Scien-
tific Inc.) with a monochromatic Mg Ka X-ray source
(1284.6 eV). The ultimate XPS determination accuracy
was of about 0.1 atomic percentages. First-derivative
absorption electron spin resonance (ESR) spectra were
recorded by using an E-112 Varian ESR Spectrometer at
X-band frequency at 75 K. Ex-situ topography and mag-
netic domain pattern studies were performed by means of
Scanning Probe Microscope (SPM) (JEOL JSPM-4210).
The particle size and magnetic domains were scanned
in room temperature conditions. The topography of the
films was scanned by Atomic Force Microscopy (AFM)
microscope in Tapping™ mode, while magnetic domains
were analyzed by Magnetic Force Microscopy (MFM)
microscope in lift mode with magnetic cantilever tip
NSC14/Co—Cr, Mikro-masch, Co. in resonant frequency
of 160 kHz conditions. Magnetic domains were observed
with lift interaction height of 25 nm and with an out-
put of 0.025 amp/V. Measurements of two- (2D) and
three-dimensional (3D) images, profiles, and domains were
processed with the win SPM DPS, JEOL Ltd. Soft-
ware. Magnetic data was collected by using a commer-
cial SQUID magnetometer (Quantum Design MPMS—XL
Superconducting Magnet) at 300 K.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis

The XRD patterns of the source materials [Zn,_,Cr Te
alloys with x = 0.05, 0.15] were compared with those
of ZnTe to check their crystalline quality, as shown in
Figure 1. As can be seen, the (111), (200), (220), (311),
(222) and (400) reflections were observed to fit very well
with those reported for the bulk cubic ZnTe lattice and the
JCPDS data."® It was evident that a significant shift in the
pattern of the doped samples was detectable in compari-
son with that of the undoped ZnTe sample. A shift in the
diffraction peaks towards the lower angle side was com-
monly observed for powder samples with x = 0.05 and
x = 0.15. This shift was larger for the heavily Cr-doped
sample than for the lightly doped one. At such Cr con-
centrations, it was therefore expected that a significant
change in the lattice parameter could be induced and
the diffraction pattern of the undoped and doped sam-
ples should not be identical. This indicated that Cr was
well incorporated into the ZnTe system. Further, additional
reflections, such as the (103) and (102) that distinguished
the ZnTe/ZnCrTe hexagonal phase,' were noticed for
Zn,_,Cr, Te with x =0.15. This showed the coexistence
of minute ZnTe/ZnCrTe hexagonal phase along with the
dominant ZnTe/ZnCrTe cubic phase when Cr was heavily
doped into ZnTe. This was unlike the case of alloys with
low Cr content (x = 0.05), where only a pure ZnTe/ZnCrTe
cubic zincblende phase was observed.
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Fig. 1. XRD patterns of Zn,_.Cr Te alloy powder with (a) x = 0.0
(b) x=0.05 and (c) x =0.15.

Figure 2 shows'the' XRD 'patterns of Zn, ,Cr Te (x =
0.0, 0.05, 0.15) films grown on GaAs (100). The result
showed the presence of a diluted phase of cubic zincblende
ZnCrTe and/or ZnTe along (111) and (400) reflections.
Other reflections, such as the (200), (220), (311) and
(222) that characterize the cubic zinc blende phase, were
absent. Similar results were obtained by Kuroda et al.,
for the ZnCrTe films on GaAs (100) prepared by the
MBE technique.?’ Upon comparing the diffraction patterns
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Fig. 2. XRD patterns of Zn,_,Cr, Te films with (a) x = 0.0 (b) x =0.05
and (c) x =0.15 grown onto GaAs (100) substrate.
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of films with x = 0.05 and 0.15, an additional reflection
(103) that characterize ZnTe/ZnCrTe hexagonal phase was
observed for heavily Cr-doped film with x = 0.15. This
reflection was similarly observed in the diffraction pat-
tern of its source material. In addition, a tiny amorphous
shoulder along with the crystalline peaks was noticed in
the 260 scan range of 20° — 46° for films with x = 0.05
and 0.15. This amorphous shoulder was noticed to increase
with increases in the Cr concentration. This indicated that
the crystallinity of the film with x = 0.15 was relatively
poorer than that of the film with x = 0.05.

3.2. XPS Study

The microscopic surface composition of the prepared
Zn,_.Cr,Te (x = 0.0, 0.05, 0.15) films was investigated
by high-resolution XPS. Figures 3—-5 show the XPS spec-
tra of films with x = 0.0, 0.05 and 0.15, respectively. The
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Fig. 3. High-resolution surface XPS spectra of ZnTe film.
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Fig. 4. High-resolution deconvoluted surface XPS spectra of a Zn,_,Cr, Te film with x = 0.05.

most probable assignments to the origin of components in
ZnTe and ZnTe:Cr films are presented in Tables I and II,
respectively.?! In the case of ZnTe, there appeared a single
peak for Zn at 1025.08 eV, corresponding to a 2p; , transi-
tion. As for Te, two peaks appeared at 574.2 and 582.9 eV,
corresponding to 3ds,, and 3d;), transitions, respectively.
In addition, adjacent to these two peaks another set of
peaks was observable at 576.9 and 585.7 eV, again cor-
responding to 3ds,, and 3d;, transitions in the oxidized
phase of Te (TeO,). The spectra relative to Zn,_,Cr Te
(x = 0.05 and 0.15) films were deconvoluted because

Sci. Adv. Mater. 3, 80-88, 2011

the core level binding energy of Cr and Te are close to
each other. The presence of Cr** in the ferromagnetic
Zn(Cr)Te/(Cr)Te phase was noticed at its corresponding
binding energy of 574 eV.2!:'22 In addition, the peaks at
576 eV and 573.7 eV indicated the presence of Cr,0O; and
Cr, respectively.?>? These results pointed to the presence
of secondary phases, such as Cr and Cr,0;, which are anti-
ferromagnetic in nature.’*? A blue shift in the binding
energy value of oxide related peaks suggested that Te/Cr
had donated electrons to oxygen and therefore the bind-
ing energy corresponding to 3d and 3p transitions had
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Fig. 5. High-resolution deconvoluted surface XPS spectra of a Zn,_,Cr,Te film with x = 0.15.

increased. The stoichiometry of ZnTe and ZnTe:Cr films
were determined by using the 2p peak for Zn, 3d peaks for
Te and 2p peaks for Cr. The estimated values of relative
atomic percentage of Zn, Te and Cr are given in Table III.

3.3. ESR Spectra

The advantage of ESR spectroscopy is its great sensitivity
to the microscopic environment of the paramagnetic centre
and is a tool to assess the valence state of Cr in the film.
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Therefore, the origin of magnetic moment from ZnTe:Cr
film can be inferred. The electronic configuration of free
Cr atom is 1s? 2s? 2p® 3s? 3p® 3d® 4s!. Chromium enters
the ZnTe lattice substitutionally for the divalent cation and
is expected to be in the Cr** valence state. ESR spectra of
Zn,_,Cr,Te films for x =0.05 and x = 0.15 were recorded
at 75 K and the obtained data is presented in Figure 6.
Two signals were observed along with unresolved minute
signals for both films. These two signals are marked as
“1” and “2” in the spectra. The intensity of tiny peaks is
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Table I. Assignments to the component peaks of the high-resolution
surface XPS scans of the Zn,_,Cr Te film with x =0.

Component Binding energy (eV) Assignment
I (Zn 2p;),) 1025.08 Zn-Te
11 (Te 3ds),) 574.2 Te-Zn
IV (Te 3d;),) 576.9 Te-O,
VI (Te 3dy,) 582.9 Te-Zn
VIII (Te 3d;,) 585.7 Te-0,

Table II. Assignments to the component peaks of the high resolution
surface XPS scans of the Zn,_ Cr,Te films with x = 0.05 and x = 0.15.

Component Binding energy (eV) Assignment
I (Zn 2p;),) 1021.8 Zn-Te
II (Te 3ds),) 573 Te—Zn
111 (Cr 2ps ) 574 Cr-Te
IV (Cr 2p;,,) 573.7 Cr-Cr
V (Te 3ds),) 576.5 Te-0O,
VI (Cr2p;,) 575.6 Cr,—O,
VII (Te 3d,,) 583.3 Te—Zn
VIII (Cr 2p, ,) 583.5 Cr-Te
IX (Te 3d,),) 586.5 Te-0O,
X (Cr 2p, ) 586.6 Cr,-0,

small, compared with signals “1” and “2”. Hence, three
electronic transitions should be allowed, and the total spin
(S) should be 1, i.e., the Cr ion will have two unpaired
electrons with S =1 (since 2§ + 1 = 3). This fact indi-
cated Cr with d* electronic configuration. Therefore, the
signals are assigned to isolated Cr** ions substitutionally
incorporated into the zinc lattice sites with the valence of
+2. Since the Cr valence was identical in the ZnCrTe and
CrTe phases, any ferromagnetic property should arise from
the +2 state of chromium. Therefore, these two phases
might be the origin of the observed ferromagnetic behav-
ior. Also, the spectra suggested that d shell electrons of Cr
existed in the high spin state with four unpaired electrons
per Cr’*. The empty hybridizing d orbitals enhance the
total spin of the system by the hybridization of 3d orbital
from Cr and 5p orbitals from Te.?6-28

3.4. AFM and MFM Analysis

Surface magnetic properties of the grown films were inves-
tigated by MFM analysis. Prior to measurements, the
films were exposed to argon gas flow and, subsequently,

Table III. Relative atomic percentage of Zn, Te and Cr elements,
as evaluated from the High-resolution surface XPS spectra of the
Zn,_.Cr,Te films with x =0.0, x =0.05, and x =0.15

Relative at.%

Zn,_.Cr,Te Zn Te Cr
x=0.0 52.1 47.17 —
x=0.05 45.0 50.03 497
x=0.15 34.7 50.08 15.3
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Fig. 6. X-band ESR spectra of Zn,_ Cr, Te films with (a) x = 0.05 and
(b) x =0.15 grown onto GaAs (100) substrate recorded at 75 K.

the topographic observation was carried out by AFM.
Figure 7(a) shows the topography of film with x = 0.05
in a region of 20 x 20 nm?. The scale on the right indi-
cates the root mean square roughness (RMS) of the area,
with the color scale indicating the higher (white) and
lower points (black) of the surface features. Figure 7(b)
shows " the corresponding MFM interactions observed in
the same' region. The circle-indicates the area“selected
for“the zoom. On the right, the color scale indicates the
lower positions of repulsion with respect to the tip as dark
regions, while the higher positions of attraction correspond
to bright regions. Also the degree (deg) scale indicates the
angular divergence of magnetic domains over the area of
20 x 20 nm?. From the AFM study, the calculated average
particle size was around 2 nm. The MFM mode allowed
defining the interaction between domains in the same
region of the film. The obtained image showed domains
with weak interactions. Similarly, AFM and MFM images
were recorded for the film with x = 0.15 as is shown in
Figure 8 in the area of 500 x 500 nm?. In this case, the
average particle size was around 10 nm and the MFM
image showed the domains as bright (attractive) and dark
(repulsive) zones with respect to the tip.

3.4.1. Magnetic Domains

The region marked by the circles in Figures 7(b) and
8(b) were zoomed for further analyses in order to observe
the domains in detail. High-resolution MFM images in
3D mode for the film with x = 0.05 are shown in
Figures 9. The bright and dark contrast represents domains
with positive (1) and negative () polarizations, where
the domains form zigzag patterns with different orien-
tation. This indicates that the interactions are related to
anisotropic domain behavior in disordered distributions of
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Fig. 7. 2D-view of AFM and MFM images of a Zn,_,Cr,Te (x =
0.05) film grown onto a GaAs (100) substrate. (a) Nanoparticles in a
scanned area of 20 x 20 nm?. (b) Distribution of nanometer-sized mag-
netic domains in the same area. The marked region is zoomed for further
analysis as in Figures 9(a)—(c).

nanoparticles. Bottom of Figure 9(b) shows the cross sec-
tional view of domains. The distribution of domains in the
profile in Figure 9(c) indicates domains with an average
size of 1 nm. The observed domains must have originated
from cubic ZnCrTe phase and from the minute amor-
phous ZnCrTe/CrTe. In the case of films with (x = 0.15),
the high-resolution images are illustrated in Figure 10.
The domains followed preferential orientation with respect
to the tip interaction and its behavior is associated with
isotropic domain features. In this case, the average domain
size was estimated to be about 2 nm. The observed
domains must have originated from a major cubic ZnCrTe
phase, a minor hexagonal ZnCrTe phase, and from the
amorphous ZnCrTe/CrTe. Also, it was noted that the aver-
age domain size increased from 1 to 2 nm with increases
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Fig. 8. 2D view of AFM and MFM images of a Zn,_,Cr, Te (x = 0.15)
film grown onto a GaAs (100) substrate. (a) Distribution of nanoparticles
in the area of 500 x 500 nm?; (b) Distribution of nanometer-sized mag-
netic domains in the same area. The marked region is zoomed for further
analysis, as shown in Figure 10.

in the Cr concentration. This supports the hypothesis that
ferromagnetic order may be enhanced upon increasing the
Cr content. The domains observed at room temperature
indicate the existence of remanence magnetization over the
film surface. The domains in the nanometer-size regime
are due to the smaller particles in the films. The corre-
lations between volume, surface defects and interaction
of nanoparticles in the film result in local broken down
exchange bonds and lead to nanometric domains.?

3.5. M-H Curves

The magnetic moment as a function of magnetic field on
Zn,_,Cr,Te (x = 0.05, 0.15) films was recorded at 300 K
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Fig. 9. (a) 3D view of domains in the 10 x 10 nm? region marked in
Figure 7(b). (b) Zoom of the 5 x 5 nm? region marked in Figure 9(a),
which'shows bright and dark zones of anisotropic domains with opposite
polarization. The bottom of the 3D image shows a cross-sectional view
of the domains (c) Profile of domains in cross section of the image ©of
(b). The average domain size over the film surface is 1 nm.

and the obtained results are shown in Figure 11. In gen-
eral, an obvious hysteresis loop was observed for film with
x =0.05 and a strong hysteresis loop was observed for film
with x = 0.15. The coercive field (H,) and remanence mag-
netic moment (M,) were found to vary from 55 to 510 Oe
and from 0.11 x 10~ to 0.62 x 10~* emu, respectively.
It was clear that the ferromagnetic order in the prepared
films increased with the Cr concentration. This is because
of the increase of crystalline ZnCrTe phase in addition
to the enhancement of the amorphous ZnCrTe/CrTe with
increase in the Cr concentration. The joint increments of
these ferromagnetic phases contribute for the observed
strong hysteresis loop.

Also, an attempt was made to use Arrott plot analysis
to estimate the values of the saturation magnetic moment
or spontaneous magnetic moment (M,) and of the Curie
temperature (7). Arrott plots were realized by plotting
the square of magnetic moment (M?) versus H/M. In the
Arrott plot, the intercept of a linear M? versus H/M plot,
extrapolated to H/M = 0 from high magnetic fields, cor-
responds to the square of saturation or spontaneous mag-
netic moment (M?). The saturation magnetic moment is
zero when the straight line passes through the origin and
the temperature at which this occurs is referred to as the
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Fig. 10.. 3D view of domains in the 100 x 100 nm? region marked in
Figure 8(b). (b) Zoom of 20 x 20 nm? area selected in Figure 10(a),
which-clearly shows' bright ‘and 'dark 'regions of isotropic domains. '(¢)
Cross-sectional view of the magnetic domain profile in image (b). The
average domain size over the film surface was found to be about 2 nm.

Curie temperature.’® The Arrott plots of the Zn,_,Cr, Te
(x = 0.05, 0.15) films are shown in the inset of M-H
curves. In the case of film with x = 0.05, the plot clearly
shows non-linearity. At the same time, the curvature does
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Fig. 11. Magnetic moment versus magnetic field (M-H) plots of
Zn,_.Cr,Te films with (a) x =0.05 and (b) x =0.15 grown on GaAs
(100) substrate recorded at 300 K. Diamagnetic contribution from GaAs
was subtracted. Inset shows the Arrott plot analysis of same M—H curves.
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not pass through the origin even when the temperature
reaches 300 K. This points out that the saturation magnetic
moment did not drop to zero and, hence a weak ferromag-
netic order persisted even when the field is removed. This
fact indicated the presence of short-range ferromagnetic
behavior for such low Cr concentration at 300 K. On the
contrary, a deviation from non-linearity was clearly seen
for film with x = 0.15. This suggested that at such higher
Cr concentration, magnetic interactions tended to be long-
range with improved spontaneous magnetic moment. In
this case, the estimated value of the Curie temperature was
much greater than 300 K.

4. CONCLUSIONS

ZnTe and Cr-doped ZnTe films were grown onto GaAs
(100) by a thermal evaporation method. XRD patterns
showed the presence of ZnCrTe phase with a minute
amorphous ZnCrTe/CrTe, which increased slightly with
increases in the Cr concentration. XPS analysis showed the
presence of antiferromagnetic Cr,0; and Cr phases. The
valence state of Cr in ZnTe was determined to be +2 by
using XPS and ESR spectra analysis, which indicated that
any ferromagnetic behavior should originate from 42 state
of Cr in both ZnCrTe and CrTe phases. MFM analysis
showed the presence of magnetic domains whose average
size was found to increase from 1 to 2 nm with increases
in the Cr content. M versus H measurements revealed fer-
romagnetic hysteresis behavior at room temperature. By
using Arrott analysis, the Curie temperature was estimated
to be much greater than 300 K. It was concluded that,
in addition to the presence of ZnCrTe phase, amorphous
ZnCrTe/CrTe also contributed to the observed ferromag-
netic behavior.
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