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Single  crystal  CdTe  films  are  desirable  for optoelectronic  device  applications.  An  important  strategy  of
creating  films  with  high  crystallinity  is through  epitaxial  growth  on a proper  single  crystal  substrate.  We
report  the  metalorganic  chemical  vapor  deposition  of epitaxial  CdTe  films  on  the  CdS/mica  substrate.
The  epitaxial  CdS  film  was  grown  on a mica  surface  by thermal  evaporation.  Due  to  the  weak  van  der
Waals  forces,  epitaxy  is achieved  despite  the  very  large  interface  lattice  mismatch  between  CdS  and  mica
(∼21–55%).  The  surface  morphology  of  mica,  CdS  and  CdTe  were  quantified  by atomic  force  microscopy.
The  near  surface  structures,  orientations  and texture  of CdTe  and  CdS  films  were  characterized  by  the
unique  reflection  high-energy  electron  diffraction  surface  pole  figure  technique.  The  interfaces  of  CdTe
and  CdS  films  and  mica  were  characterized  by X-ray  pole  figure  technique  and  transmission  electron
nse
microscopy.  The  out-of-plane  and in-plane  epitaxy  of the  heteroepitaxial  films  stack  are  determined
to  be CdTe(111)//CdS(0001)//mica(001)  and  [1̄21̄]CdTe//[1̄100]CdS//[010]mica, respectively.  The  measured
photoluminescence  (PL),  time  resolved  PL, photoresponse,  and  Hall  mobility  of  the  CdTe/CdS/mica  indi-
cate  quality  films.  The  use  of van der  Waals  surface  to  grow epitaxial  CdTe/CdS  films  offers  an  alternative
strategy  towards  infrared  imaging  and  solar  cell  applications.

©  2017  Elsevier  B.V.  All  rights  reserved.
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as become one of the most important materials in opto-
c devices, ranging from infrared imaging to solar cell
dTe has a direct band gap at ∼1.5 eV and high absorption
ts (> 5 × 105 cm−1) for wavelengths in the solar spectrum.
f the CdTe films, in most cases the crystallinity, plays an
t role in the performance of the devices. One of the most
t strategies to create high crystallinity films is to grow
taxially on single crystal substrates. The techniques used
dTe films are rich, including but not limited to molecu-

epitaxy [1,2], e-beam evaporation [3], hot wall epitaxy [4],

Ge [
[22]
to g
Ge(1
to g
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epita
them
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the e
e sublimation [5], high vacuum evaporation [6], chemical
osition [7], and metalorganic chemical vapor deposition
ples of single crystal substrates used are Si [2,4,9,10],
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,8,11], CdTe [12,13], CdS [12,14], GaAs [8,15–21], Al2O3
 SrTiO3 [23]. Epitaxial CdTe film has also been shown
on glass substrate using nanostructured buffer layer of
CaF2(111) [24]. Biaxial CdTe films have also been shown
on large grain biaxial Ni(100) foils [25,26] and biaxial
) on glass substrate [27]. All these substrates used in the
rowth are either bulk single crystals or epitaxial films that
es are grown epitaxially on different bulk single crystals,
ils or biaxial films on nanostructures.

 work, we have adopted a different strategy to develop a
substrate for the epitaxial growth of CdTe films, namely
xial CdS films grown on mica substrates through van der
itaxy (vdWE). It has been suggested that substrate with

 der Waals interaction at interfaces could be a promising
for the growth of epitaxial films [28] or nanostructures

ven when the film itself is non-layered in nature. Due

eak van der Waals interactions, there exists a high tol-
r lattice mismatch between the films and the substrates
n-free or nearly strain-free films can be achieved even
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arge lattice mismatch. Various 3D nonplanar nanostruc-
iconductors such as individual CdS and CdTe nanowires

ods [32], and 2D nonlayered semiconductor Pb1-xSnxSe
es [29] have been grown on mica substrates. Despite the
ice mismatch between a 3D vertical nanowire and a mica
, the incommensurate and relaxed heterointerface have
nly attributed to van der Waals epitaxy mechanism [33].

 size effect of the nanostructure substrate such as an island
contribute to the interface lattice relaxation due to the
of lateral constrain in the film deposited on the island,
anoheteroepitaxy [34]. For a 3D planar film such as CdS

 on a van der Waals substrate, there is no finite size relax-
ct at the interface and the film is mainly controlled by the
aals forces [35,36].

onal advantages of mica are that flexible thin layers of
 be easily cleaved and peeled off from the bulk mica. The
urface forms a pseudo-hexagonal lattice of (001) orien-
th large atomically smooth areas. Mica is also chemically
·Al2O3·SiO2) and thermally stable up to about 700 ◦C. We

S as the buffer layer since it has been widely used as the
layer in CdTe/CdS solar cell applications [37]. We  report
ontributions: (1) We succeeded in growing a stack of epi-
e/CdS films on mica. A continuous epitaxial CdS film was

st through van der Waals interaction on a mica substrate
al evaporation without intentional heating of mica. This
CdS film was used as a buffer to grow a continuous epitax-
lm by metalorganic chemical vapor deposition (MOCVD)
. (2) We  experimentally determined the epitaxial rela-

 between CdTe, CdS and mica using X-ray pole figures
rmined the near surface texture of CdTe and CdS using
ion mode of reflection high energy electron diffraction
surface pole figure analysis. The unique RHEED pole fig-
s that the near surface texture (∼20 nm) of the ∼2 �m
e film has a better quality than the average texture from

 CdTe film indicating an improvement of the in-plane tex-
Te away from the interface of CdTe and CdS. (3) Optical

izations of CdTe/CdS/mica by steady-state photolumines-
), time resolved PL, and photocurrent response time of a
inal device show the optical band gap and carrier life-
gh-quality CdTe and CdS films. The optical bandgap of the

 film depends on the CdTe thickness and is consistent with
ace alloying of CdSxTe1-x. (4) The measured Hall mobil-

 undoped epitaxial CdTe/CdS film is about ∼364 cm2/Vs
ch higher than the reported 0.1–1 cm2/V s measured from
alline CdTe/CdS solar cells.

imental

mal evaporation deposition of CdS on mica substrates

ica substrate was prepared by cleaving a thin layer from a
·Al2O3·SiO2) slide of size 75 mm × 25 mm × 0.26 mm (SPI

 Grade V-4). Using a razor blade one can separate a thin
00–200 �m in thickness) from the mica slide, which can
r peeled off by a pair of tweezers. This process was used
e sample surface was “fresh” when it was  loaded in the
n chamber shortly after it was peeled off.
dS film was thermally evaporated on the mica substrate
on Explorer 14 Coating System. The base pressure of the
was about 9 × 10−7 Torr. During the deposition the mica

 was not intentionally heated. The mica temperature was
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as used for heating the source. This power supply was
eadily over a period of 5 min  until a stable deposition
e range of 0.6– 0.7 nm/s was  reached. The pressure rose
id-range of 10−6 Torr during film deposition. A shutter
CdS flux until the desired deposition rate was reached.

 held for a 2-min outgassing period and then the shutter
ed and a deposition began. The deposition rate and thick-
e measured using a quartz crystal microbalance (QCM).

 was calibrated by a cross-sectional SEM image of the CdS
sited on a silicon wafer. The deposition lasted 5 min  that

 a ∼200 nm thick CdS film. At the end of the deposition
le was covered by the shutter and the deposition power
ly decreased. The system was then left to cool for an hour
moving the CdS/mica sample. During a deposition, the
ad no intentional heating but the temperature remained
◦C range resulted from the radiative heat from the CdS
he distance from the CdS source to the mica substrate was

 cm.

VD of CdTe on CdS/mica substrates

doped CdTe film was grown using a vertical, cold wall
system. Before loading the CdS/mica substrate into the
, the substrate was  blown with dry nitrogen gas to remove
particles sitting on the surface. The growth temperature
sure were 400 ◦C and 100 Torr, respectively. Dimethly-

 (DMCd) and diisopropyltelluride (DIPTe) were used as
anic precursors for Cd and Te, respectively. Hydrogen H2

 as the carrier gas. The flow rates of H2 through DMCd
e bubblers were 25 standard cubic centimeters per minute
d 100 sccm, respectively. The H2 flow rate was  maintained
ndard liters per minute (slm). The mole fractions of Cd
ere calculated to be 1.2 × 10−4 and 9 × 10−5, respectively.
s of ∼2 �m thick CdTe film on ∼200 nm thick CdS film on
ples have been prepared and characterized and results

ducible. One thinner CdTe film of ∼500 nm was  grown on
 thick CdS film on mica to study the effect of CdTe thickness
l property.

acterization techniques used

urface morphologies of mica, CdS and CdTe films were
sing an AFM (PSI XE100) in non-contact mode. The AFM

NSC16/Al BS) used has a tip radius of ∼8 nm, a force con-
5 N/m, and a resonant frequency of 190 kHz. RHEED pole
asures the near surface structure and texture while X-ray
e measures the average structure and texture of the entire

 of a film. The RHEED electron gun (model RDA-003G) gen-
20 keV electron beam incident at a glancing angle of < 1◦

mple surface and the emission current was 41 mA.  The
attern was projected on a phosphor screen mounted on
flange in the high vacuum chamber with a base pressure
orr and was  captured by a charge coupled device (CCD)
ositioned outside the chamber.
racterize samples’ crystal structures, both X-ray diffrac-
) and TEM diffraction were carried out. XRD spectra were

 by using an X-ray diffractometer (Bruker D8 Discover)
 K� source of wavelength � = 1.5405 Å and a point detector.
ent beam and detector slits used to achieve the maxi-

olution were 0.1 mm and 0.2 mm,  respectively. X-ray pole
ere collected using larger slits, each of width 0.6 mm,  to

e the signal. The X-ray pole figure scan was completed in

ous scanning mode with 1◦ step sizes in both polar chi
zimuthal phi (�) directions, and a 4 s counting time. The
ple protected by a Pt coating was  thinned by FIB milling
rgetic Ga+ ions and the in-situ lift-out specimen prepa-
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Table  1
Roughness parameters extracted from a height–height correlation analysis of AFM
images of the mica substrate, CdS, and CdTe films.

Sample Vertical RMS  � (nm) Lateral correlation length � (nm)

Mica substrate 0.16 ± 0.02 –
CdS 200 nm 3.7 ± 0.3 34.5 ± 1.7
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(a) shows the magnified CdS (0002) peak near the high inten-
2 �m 125.8 ± 13.1 671.3 ± 28.2
500  nm 48.5 ± 5.7 246.1 ± 7.2

chnique. The thinned sample was mounted on a liquid
cooled sample stage to minimize the sample’s mechan-
ng. A 200 keV electron beam was used to obtain the TEM
0 F) bright field images, high resolution images, and elec-
action patterns. Atomic percentages of the elements in
, and CdTe at the interface of mica and CdS as well as the
of CdS and CdTe of the FIB made samples were determined

 dispersion spectroscopy (EDS) in the same TEM system.
eady-state PL and time-resolved PL experiments were
d at room temperature using a customized time-resolved
. A pulsed diode laser (Picoquant) with a wavelength of
as used as the excitation source. The pulse width and

quency were 50 ps and 20 MHz, respectively. The esti-
wer density in the area of 1 �m laser spot diameter was
/cm2. The incident laser was directed onto the sample
n inverted microscope (Nikon Eclipse Ti). The PL signal

 directed into a monochromator (Princeton Instruments
, inside which the grating wavelength was  fixed at the
osition. The scanning resolution of the monochromator

 nm and the slit width was fixed to < 2 mm.  A single pho-
ector (Picoquant PDM) was aligned at the exit port of the
omator to count photons and to collect steady state PL and
lved PL data with a 0.025 ns time resolution.
hotocurrent of a sample collected at room temperature
ted using a lamp with a variable intensity output from
W/cm2. The wavelength spectrum of the lamp ranges

 to 1000 nm with a peak intensity around 650 nm and a
-at-half-maximum of ∼200 nm.  The photocurrent differs

erent excitation wavelength is used. The illumination area
mple is about 0.10 ± 0.05 cm2. The source and drain con-
rodes are made of indium dots and the distance between
odes is about 0.76 cm.  The photocurrent vs. drain-source

I-VDS) curves under the light illumination and dark con-
e linear indicating good Ohmic contacts. The inverse of

 from the I-VDS gives the resistance. A mechanical chop-
a variable speed from 0.1 to 23 Hz was used to turn on and

 lamp light. An oscilloscope with an internal resistance of
s used to collect the photocurrent. Any change in the con-

 of the sample results in an increased flow of current in the
ich will increase the potential across the load resistor R.
e detected using the oscilloscope. A 1 M� resistor R com-

 the internal resistance of the oscilloscope was connected
l to the oscilloscope. This gives an equivalent resistance
. The measured photocurrent is calculated from the volt-

asured from the oscilloscope divided by 0.5 × 106 �. The
easured from CdS is in the hundreds of nA. The currents

 from ∼500 nm and ∼2 �m thick CdTe on CdS are tens of
undreds of nA, respectively, due to different resistances.

e that the insulator substrate mica does not contribute
asured photocurrent.
ll mobility measurement was carried out at room temper-

ng a homemade van der Pauw method with four Indium
oints located near the four corners of the sample. The
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er a current of 1 and 3 nA and a magnetic field of 0.4000 T.

dTe film on CdS the Hall measurement was performed at

sity mica
group P6
a = b = 4.1
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 0.2000–0.4000 T applied magnetic field. At each applied
the Hall voltage after a time delay was stabilized and
. The experiment was repeated multiple times. The current

 voltage output terminals were also reversed to collect the
iple times. Then an average value with an uncertainty was

 from all the data collected.

ts and discussion

 images of mica, CdS film and CdTe film

(a), (b) and (c) show AFM images collected from the
of cleaved mica (10 �m × 10 �m),  CdS film on mica

 �m),  and CdTe film on CdS on mica (10 �m × 10 �m),
ely. The cleaved mica is almost featureless with the ver-
ression depth in the sub nm regime and the opening

 of the tapered depression of 0.7 ± 0.1 �m. The vertical
n square (RMS) roughness of mica scanned over various
.16 ± 0.02 nm and the lateral correlation length is on the
everal tens of �m.  These numbers support the high qual-

 bare mica surface. The extracted roughness parameters
ht–height correlation analysis [38] including vertical RMS
s � and lateral correlation length � values of CdS film,

 500 nm thick CdTe films are listed in Table 1. The RMS
s of CdS on mica is small. Both RMS  roughness and lateral
n length of CdTe increase one order of magnitude as com-

th that of CdS. The � and � values of CdTe film increase as
hickness increases. The mica surface is too smooth to per-
eight–height correlation analysis. Fig. 1(d) shows a TEM
tion view of the CdTe/CdS/mica film. The intensity con-
ation in the TEM image is due to the diffraction contrast
ns with small angle grain boundaries. Four distinct regions
en, the mica substrate, a ∼200 nm CdS layer, a ∼2 �m
e layer, and a Pt coating. The submicrons grain size in the
ick CdTe film shown in TEM image is in the same order of
e as � obtained from the AFM image.

y diffraction, rocking curves, and X-ray pole figure of CdS
ica

a) shows X-ray theta (	) vs.2 theta (2	) spectrum of the
on mica presented in the range from 10 to 45◦. Strong
l) peaks for l = 2n with integer n = 1, 2, 3, 4, 5, and 6
erved in the angular range from 5 to 60◦. This shows

 is a good single crystal with the (001) surface orienta-
re are no peaks correspond to l = 2n + 1 because for the
ane c axis, the structure factor from the sum of the scat-
m an atom at x, y, and z in the first layer and the atom
, y + 1/2, z in the layer below gives a zero value. Mica
noclinic structure (space group C 2/c and space num-
ith the bulk lattice constants a = 5.225 Å, b = 9.163 Å, and

 Å, � = 
 = 90◦, � = 95.78◦. The interplanar spacing dhkl for

planes is dhkl =
{

1
sin2ˇ

(
h2

a2 + k2sin2ˇ
b2 + l2

c2 − 2hlcosˇ
ac

)}−1/2
.

ured peak position for mica (006) is at 2	 = 26.91◦ ± 0.01◦

6.499◦) and the lattice constant c calculated from this 2	
.965 Å. The lattice constant c averaged from six measured

ks (00l), where l = 2, 4, 6, 8, 10 and 12 is 20.055 ± 0.049◦ Å,
wer than the bulk lattice constant c = 20.275 Å.
dS (0002) X-ray diffraction peak was  observed at
◦ ± 0.01◦ (theory 26.587◦) and it is very close to the

6) peak measured at 2	 = 26.91◦ ± 0.01◦ [39]. The inset of
 (006) peak. CdS has a hexagonal crystal structure (space
3mc  and space number 186). The bulk lattice constants are
42 Å, c = 6.724 Å, � = � = 90.0◦, and 
 = 120.0◦. Although the
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Fig. 1. Atomic force microscopy top view images of (a) mica substrate, (b) CdS film, and (c) CdTe film
(c), respectively. (d) TEM cross section view of ∼2 �m CdTe film on ∼200 nm CdS film on mica, the
diffraction contrast from different grains. The scale bar is 500 nm.

Fig. 2. X-ray 	 vs. 2	 spectra of (a) CdS(0001) film on mica(001) and (b) CdTe(111)
film  on CdS(0001) film on mica(001). The peaks with strong intensity from single
crystal mica are seen in all spectra. The inset in (a) is a magnified (ten times) spec-
trum  of the CdS (0002) peak near the mica (006) peak. The difference in counts is
due to different primary X-ray intensity used in the measurements.

intensity
peak, the
the deter
to be 0.13
mula, the
CdS film 

lution of 

the 200 n
0.03 ± 0.0
resolutio
is extrem
curves w
and their
of rockin
deviate t
true for t

In ord
ure of mi
only at �
epitaxy r
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poles. Th

2	 = 20.4
(1̄1̄1̄) and
Therefore
(hkl) of {1
 (2 �m thick). The scale bars are 2 �m,  500 nm, and 2 �m in (a), (b) and
 same sample shown in (c). The contrast in different area is due to the

 of CdS (0002) peak is much lower than that of mica (006)
 CdS peak intensity count is still appreciable. This allows
mination of the FWHMs  of the CdS (0006) and mica (006)

 ± 0.01◦ and 0.03 ± 0.01◦, respectively. Using Scherrer for-
 lower limit of the average vertical coherent size in the
is 63.78 ± 4.61 nm (underestimated because no decovo-
instrument response function). This size is smaller than
m CdS film thickness and is reasonable. The FWHM of
1◦ associated with mica (006) is close to the instrument

n limit and the mica’s average coherent crystalline size
ely large as expected for a single crystal. X-ray rocking

ere measured from the mica (006) and CdS (0002) peaks
 FWHMs  are ∼0.3◦ and ∼2.4◦, respectively. These FWHMs
g curves indicate that the surface planes of mica do not
oo much from the mica(001) orientation. Similarly it is
he CdS(0001) orientation.
er to determine the in-plane epitaxy, the X-ray pole fig-
ca was collected. Mica (001) pole figure has a center pole

 = 0◦ that does not help the determination of the in-plane
elationship of a film grown on top of it. But for the {111}
re, it has poles at � /=  0◦. Fig. 3(a) shows four asymmetric
e theoretically calculated {111} poles for d111 = 4.33 Å and
9◦ are (111), (11̄1), (1̄1̄1̄) and (1̄11) at � = 72.7◦. Note that
 (1̄11̄) are overlapping with (111) and (11̄1), respectively.
, only two poles were observed as seen in Fig. 3(a). Other
11} such as (11̄1̄), (1̄11), (111̄), and (1̄1̄1) have different d
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Fig. 3. X-ray pole figure of (a) mica {111}, (b) CdS {011̄1}, and (c) CdTe {111} poles. The 0◦ azimuthal direction is defined as the [010] direction of mica(001) along the vertical
direction of ck, and
(c)  means t d wit
to  colour in

spacing o
when 2	 

mined to 

poles are 

and there
average F
azimutha
tively. Se
angle diff
(02̄1̄) and
separate 

s is n
ame
ut 6

]. No
.78◦

itho
ica 
 the page. The range of chi (�) angle is from 0 (surface normal) to 90◦ . The red, bla
wins. The real space directions are indicated to the right-side of color bars associate

 this figure legend, the reader is referred to the web  version of this article.).

f 4.50 Å and the 2	 value = 19.73◦. They were not detected
was set at 20.49◦. The remaining two poles were deter-
be (021) and (02̄1). The theoretical 2	 values for these two
19.85◦ that are very close to 20.49◦ set for mica {111} poles
fore these two poles were detected as seen in Fig. 3(a). The
WHMs  of the mica {111} and mica {021} poles along the
l and chi directions are 1.0◦ ± 0.5◦ and 5.1◦ ± 0.5◦, respec-

◦

pole
the s
60◦ b
[100
or 95

W
the m
e Table 2. The � angle for (021) and (02̄1) is 77.2 . This �
ers from � = 72.7◦ for the (111) and (11̄1) poles. Note that

 (021̄) overlap with (021) and (02̄1) and did not appear as
poles. The theoretical phi angle between (111) and (11̄1)

is shown
calculate
at 28.40◦

with 60◦
 green labels are for mica, CdS, and CdTe poles, respectively. The “T” in
h the intensity of X-ray pole figure. (For interpretation of the references

ot 60◦ but 59.4◦ because � angle is not 90◦ but 95.78◦. For
 reason the � angle between (111) and (021) poles is not
0.3◦. The in-plane directions used are labeled as [010] and
te that for mica, the c-axis or [001] direction has a non-90◦

angle with respect to the (001) plane.
ut  moving the sample position after the measurement of
pole figure, the CdS {011̄1} pole figure was collected and

¯

 in Fig. 3(b). The d011̄1 spacing for {0111} is 3.17 Å and the
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Table 2
FWHMs �� and �� along azimuthal � and � directions measured from the XRD and RHEED pole figures of mica(001), CdS(0001), and CdTe(111) films.

Pole figure Direc−tion Mica CdS CdTe

Pole FWHM Pole FWHM Pole FWHM

X-ray �� {021}
&{111}

1.0 ± 0.5◦

1.0 ± 0.5◦
{011̄1} 10.6 ± 0.5◦ {11̄1} 10.8 ± 0.5◦ (2 �m)

8.7  ± 0.5◦ (500 nm)
�� {021}

&{111}
4.4 ± 0.5◦

5.1± 0.5◦
{011̄1} 4.3 ± 0.5◦ {11̄1} 5.9 ± 0.5◦ (2 �m)

4.6  ± 0.5◦ (500 nm)
RHEED ��  Instrument limit {011̄3} 10.8 ± 1.1◦ {224}

{113}
2.7 ± 0.9◦ (2 �m)
11.2  ± 1.7◦ (500 nm)
2.8  ± 0.9◦ (2 �m)
10.9  ± 1.6◦ (500 nm)

�� Instrument  limit {011̄3} 5.3 ± 1.1◦ {224} 4.1 ± 0.5◦ (2 �m)
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Fig. 4. (a) Reflection high energy electron diffraction (RHEED) pattern of CdS(0001) film using a 15 keV primary electron beam energy incident at azimuthal angle � = 63◦ .
S.T.  means the straight through electron beam. The white horizontal line indicates the shadowing edge of the RHEED pattern. The scale bar is 1 Å−1. (b) RHEED pole figure of
CdS  {011̄3} poles. (c) RHEED pattern of CdTe(111) film using a 20 keV primary electron beam energy incident at azimuthal angle � = 0◦ . Twin spots are indicated by green
Ts.  The scal ix pol
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easured FWHMs  of �� and �� from RHEED pole fig-
 2 �m and 500 nm thick CdTe films are listed in Table 2.
ured FWHMs  of the CdTe {224} poles in the azimuthal

 are narrow and an average �� of FWHMs  from the six
es is = 2.7 ± 0.9◦. A similar analysis of the {113} poles gives
± 0.8◦. The average �� of FWHMs  from the six {224} poles
0.5◦. Both RHEED {224} pole figure shown in Fig. 4(d) and
13} pole figure (not shown here) indicate a better qual-

ared with the RHEED {011̄3} pole figure of CdS shown in
Recall that for CdS film, � = 10.8 ± 1.1◦ and �� = 5.3 ± 1.1◦.
th temperature of CdTe was 400 ◦C. At this temperature
lm was effectively annealed to form a high quality sin-
l epitaxial film. As we shall see later, an interface alloying
rs under this growth temperature. The alloying created a
hange in the lattice constant at the interface and reduces
e mismatch between CdTe and CdS.
le 2 we list the FWHMs  measured from RHEED pole fig-

 observed the texture spread � of the 200 nm thick CdS
ce is about the same as that from the average of the entire

thickness from the X-ray pole figure. For the 2 �m thick
 the texture spread �� ( = 2.7◦) near surface is less than
◦) from the average of the entire CdTe film thickness. How-
the 500 nm thick CdTe film the results are similar within
ntal uncertainty. This may  be related to the range of S

 (250 nm)  into the CdTe film measured by EDS presented
e TEM section. For the 2 �m thick CdTe film, most part of
film has no S except within ∼250 nm of the CdS and CdTe
. But for the 500 nm thick CdTe film the percentage of CdTe
ains diffused S and therefore the alloying of CdS and CdTe
he alloying may  introduce more defects in the CdTe film.
verage of the measured FWHMs  from the six CdTe
les along the � direction from the 2 �m CdTe film is

 4.1 ± 0.5◦. We  have also analyzed the six {113} poles but
figure is not presented here. The average of the mea-
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 5.2 ± 1.5◦. The reason that ��{224} < ��{113} is because
e electron transmission length L near the surface, the rela-
between the broadening ��{hkl} of a {hkl} spot in the �

 is 2�/L = 2�/d{hkl} × ��{hkl} where 2�/d{hkl} is the distance
 spot from the (000) spot in the reciprocal space and d is
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= d{hkl}/L. For a fixed incident electron beam energy the L
e for {224} and {131} spots and because d{224} = 1.32 Å <

.95 Å, therefore ��{224} < ��{113}. If the measured ��{hkl}
 CdTe film on CdS film is compared with the instrument

 function obtained from the CdTe film grown on a single
As(100) substrate [8], the values of ��{hkl} is about 0.5–1◦

is is reasonable considering the CdS film is an epitaxial
not a single crystal GaAs(100) substrate.
teresting to note that if the growth sequence is reversed,
film grown by vacuum deposition on single crystal
) substrate, the epitaxial relationship at the interface is

 that of our CdTe on CdS [45]. The out-of-plane epitaxy is
)//CdTe(111). The in-plane epitaxy

[
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]
CdS

//[011]CdTe

lent to our [1̄100]CdS//[1̄21̄]CdTe considering the six-fold
y in the hexagonal CdS. This is because both CdS(0001)
(111) have the close-packed planes at the interface.

esolution TEM images and selective area diffraction pat-

(111
X-ra
a lar

T
is co
[011̄
spot
The 

from
to 20
The 

is co
alon

T
to r
and 

mea
cons
d200
0.64
line.
in re
siste
show

T
lutio
clea
The 

tent
of m
stack
high

T
lecte
∼35
ages
(poi
face
end 

ted. 

grad
∼25
end 

of C
try, 

not 

the 

film
stoic

T
regio
perf
latti
stan
CdTe
and 

an i
in so
and 

obse
dislo
10–1
DP) were collected from cross section of mica substrate,
 of mica and CdS, and interface of CdS and CdTe from 2 �m
/mica and 500 nm thick CdTe/CdS/mica samples. The out-

orientations for mica, CdS and CdTe are (001), (0001) and
(2017) 219–232

pectively. These are consistent with that obtained from
le figures. TEM SADP and image were also collected from
ain in CdTe film shown in Fig. 5(a) and (b).
mmetry of the TEM diffraction pattern shown in Fig. 5(a)
ent with the sphalerite lattice structure viewed along the
e axis direction. The unit mesh connecting the low-index
, 111, 11̄1̄, and 200 is indicated by yellow dashed lines.

 of the reciprocal vectors g(200) to g(111) can be estimated
 ratio of the measured reciprocal length g(200) from 000

 the measured reciprocal length g(111) from 000 to 111.
rimental determined g(200)/g(111) ratio is 1.181 which
ent with 1.155, theoretical ratio of the sphalerite lattice

 [011̄] zone axis.
onversion of the reciprocal spacings g(200) and g(111)
pace interplanar spacings gives d200 = 0.320 ± 0.005 nm
= 0.370 ± 0.005 nm,  respectively. Within the accuracy in
g the reciprocal length, these d spacing values are also
t with the theoretical real space interplanar spacing
24 nm and d111 = 0.374 nm using the lattice constant of

.  The mirror axis for twins is indicated as the blue solid
diffraction pattern also shows twin spots that are indexed
e observed twin spots in the TEM diffraction pattern is con-
ith the twin poles observed in both the X-ray pole figure

 Fig. 3(c) and RHEED pole figure shown in Fig. 4(d).
xistence of twins can be seen in real space high reso-
age shown in Fig. 5(b), where single crystal grains are
en. A twin boundary separating twinned grains is seen.
ured interlayer spacing d111 = 0.376 ± 0.006 nm is consis-

 calculated theoretical d111 = 0.374 within the uncertainty
ring the length. Low density defects including single
faults and multiple stacking faults are seen from other
lution TEM images and are not shown here.

DS line profile perpendicular to the interfaces was  col-
m 20 points covering ∼700 nm.  The adjacent points are
part. Fig. 5(c) is a plot of S, Cd, Te, and Si atomic percent-
verted from the measured weight percentages). The data
tart from the mica substrate, then continue to the inter-
ica and CdS film, CdS, the interface of CdS and CdTe, and

 CdTe film. Mica contains Si, O, Al and K and only Si is plot-
ine profiles of S, Cd, and Te are not sharp at interfaces but
ndicating interdiffusion. S diffuses into mica and CdTe for
.  Te diffuses into CdS for ∼200 nm.  However, at the right
e line profiles that is ∼250 nm away from the interface
d CdTe the ratio of Cd to Te is 1, the right stoichiome-
ugh the absolute atomic percentage of either Cd or Te is
due to a non-zero percentage of oxygen. This means for
VD growth condition that we  used the CdTe film on CdS
o be thicker than few hundreds nm thick to achieve good
etry.
pitaxy across the interface was observed at different
f CdTe/CdS interface by high resolution TEM [12]. Here the
itaxy at the interface is an alloyed CdTe1-xSx with reduced

nstant or an alloyed CdS1-xTex with increased lattice con-
t reduces the original lattice mismatch between the pure

 pure CdS phases. The secondary ion mass spectroscopy
 photoelectron spectroscopy depth profiles also indicate
ixing at the interface of CdS and CdTe [40]. In reality,

egions of the CdTe/CdS interface, mismatch dislocations
 dislocations (an extra plane lying at the interface) were

 [12]. The observed distance between the mismatched
ns at the interface is not a constant, but varies between
es of lattice constant a of CdS.
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EM diffraction pattern of CdTe observed along the [011̄] zone axis that is perpendicu
olution TEM image of CdTe showing existence of twins. The interlayer spacing d111

i, S, Cd, and Te across the interface of mica and CdS and the interface of CdS and Cd

y state PL and time resolved PL

S film
 is a result from photon absorption/emission from various

c energy levels in a film. The PL peak in a spectrum provides
on on the optical bandgap as well as the crystalline qual-
e possible existence of defect states of the film. The time
PL decay shape contains information related to minority
e time [46]. Fig. 6(a) shows the PL spectrum measured
CdS film at room temperature. There is a single PL peak at
.39 eV) with a FWHM of ∼26 nm.  As a comparison, a ref-

 spectrum from a commercial single crystal CdS (MTI Inc.)
arrow peak at 519 nm (2.389 eV) with a FWHM ∼15 nm.
e and narrow peak in our epitaxial CdS film indicating a
lm. The PL peak position of the CdS film reported in the

 varies over a wide range from 1.59 to 2.54 eV depend-
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t temperature [47]. Our as grown epitaxial CdS film with-
tional heating during growth has a peak at 2.39 eV that is
t with their green band (2.18–2.54 eV) after high temper-
annealing or high temperature CdCl2 treatment. Fig. 6(b)
e time resolved PL spectrum measured at room tempera-

 the peak at 518 nm.  A single component fit A exp (-t/
)
PL curve gives a decay time 
 = 0.14 ± 0.02 ns.

Te film on CdS film
(c) shows the CdTe’s PL spectrum measured from the
k CdTe film at room temperature. There are two  PL peaks
, one at 815 nm (1.52 eV) with a FWHM of ∼66 nm and the

 at 842 nm (1.47 eV) with a FWHM of ∼20 nm.  Our mea-
2 eV PL peak compares well with the measured bandgap

 from the CdTe film grown on CdS on glass by close
limation method [7,48]. Literature reports of the PL of

e CdTe nanostructures measured at room temperature is
51 eV and the FWHM ranges from 25 to 70 nm [49–51]. The
k CdTe crystals measured at 4.25 K is ∼1.59 eV [52–54].
ata is consistent with crystalline structure measured at
perature. Our measured 1.47 eV PL peak is attributed to
ce diffusion and reaction that form an alloy of CdTe1-xSx
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t with the TEM observation that an alloyed CdTe1-xSx
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 as measured by optical absorption [56,57]. The kinetics of
aration of CdTe and CdS at 400 ◦C growth temperature is

 30 min is not sufficient for complete phase separation to
e interface of CdTe and CdS will form a continuous range
sition in solid solution.
wn in Fig. 6(d), the TRPL study of the peak at 1.52 eV

 indicates that there are two  decay components for
ck CdTe, a fast decay 
1 and a slow decay 
2. Using two
nctions fit [A exp (-t/
1) + B exp (-t/
2)], we obtained

 0.02 ns and 
2 = 0.27 ± 0.02 ns for the lifetime associated
ace recombination and the lifetime of bulk recommenda-
ectively. Table 3 tabulates these measurements and fitting

 the three films. These values are about the same as the
s grown by MOCVD on SiO2/Si and graphene substrates

le 3 lists the fit of the TRPL curve measured at 1.47 eV or
eak.
ple of ∼500 nm thick CdTe on ∼200 nm CdS/mica was also
. We  named this sample as the 500 nm. The PL and TRPL
ere measured from this 500 nm sample (plot not shown

 analysis results of PL and TRPL from this sample are listed
. The PL spectrum of the 500 nm sample still shows two  PL
e at ∼1.52 eV, but the 2nd peak position shifts to 1.65 eV
)  from 1.47 eV for the 2 �m sample. The FWHM broadens
m that is one order of magnitude larger than the ∼20 nm
r the 2 �m sample. The decay constants 
1 and 
2 associ-

 ∼1.52 eV and 1.65 eV peaks for 500 nm sample are similar
 the 2 �m sample and listed in Table 3.
ange in PL spectra between the 500 nm sample and the
ple can be understood from the inter-diffusion of S into

 Te into CdS. The inter-diffusion at the junction of CdTe and
een experimentally verified by our TEM EDS measurement

 earlier in the TEM section as well as by AES [55], XPS and
in the literature. For the 400 ◦C grown CdTe/CdS junction,

ent diffuses into the CdTe film about ∼250 nm distance
interface junction. See Fig. 5(c). The atomic concentration
ys with distance into the CdTe film. In addition, the Te

diffuses from the CdTe film into the CdS film although the
c concentration in the CdS film is less than the S atomic
ation in the CdTe film. This means CdSxTe1-x alloy film

 could form if S substitutes the Te. From the decay of S
ncentration away from the CdS and CdTe interface junc-

 concentration x reaches zero at ∼250 nm into the 500 nm
e film. Similarly S decays into the CdTe film ∼250 nm in

 thick CdTe. The rest of the 1.75 �m thick CdTe has negli-

his means the x value determined under the same optical
on depth of the incident photons should give a higher x for
m thick CdTe film than that of the 2 �m thick CdTe film.
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Fig. 6. (a) Photoluminescence (PL) spectrum of 200 nm thick CdS(0001) film (black curve) on mica(001) with a peak at 518 nm (fit from the red Gaussian curve) and (b) time
resolved PL of CdS film on mica. A single decay function (dashed curve) fit of the CdS PL peak at 518 nm gives a decay time of 0.14 ± 0.02 ns. (c) PL spectrum of 2 �m thick
CdTe(111) film (black curve) on 200 nm thick CdS(0001) film on mica(001) with two  peaks at 815 nm (fit from orange Gaussian curve) and 842 nm (fit from green Gaussian
curve), and (d) time resolved PL of 2 �m thick CdTe film on CdS film on mica. A two-component (two dashed curves) fit in the time decay spectrum of CdTe film on CdS on
mica at 815 nm (orange curve) and 842 nm (green curve) gives a fast initial decay 
1 and followed by a slow decay 
2. Note the intensity in the vertical axis is plotted in log
scale and the difference between data and fit in low intensity part is magnified compared with that at high intensity. (For interpretation of the references to colour in this
figure  legend, the reader is referred to the web  version of this article.)

Table 3
Measured PL peak position and FWHM of 200 nm CdS film, 2 �m CdTe and 500 nm CdTe films and extracted decay constants from time resolved PL.

Sample PL peak (nm) PL FWHM (nm) PL peak (eV) TRPL 
1 (ns) TRPL 
2 (ns)

CdS 200 nm 518 ± 0.05 25.69 ± 0.05 2.39 0.14 ± 0.02
CdTe  2 �m 814.99 ± 0.19 66.65 ± 0.12 1.52 0.05 ± 0.02 0.27 ± 0.02

CdTe  500

One can e
change.

Litera
alloy dep
is for sin

e  Cd
2

842.67 ± 0.05 20.49 ± 0.05 

 nm 814.29 ± 0.07 52.75 ± 0.31 

749.71 ± 0.31 123.67 ± 0.31 

xtract the x value from the x dependent optical bandgap phas
ture reports that the optical bandgap Eg(x) of the CdSxTe1-x
ends on the mole fraction x [56,57]. When x = 0 the Eg(0)
gle phase CdTe and when x = 1 the Eg(1) is for single

1.74 x w
data poin
CdTe and
x + bx2 ha
1.47 0.04 ± 0.02 0.52 ± 0.02
1.52 0.05 ± 0.02 0.27 ± 0.02
1.65 0.04 ± 0.02 0.23 ± 0.02

S. In between 0 and 1 an equation Eg(x) = 1.51–1.01 x +

ith 5% uncertainty was fitted from 19 optical bandgap
ts from the CdSxTe1-x film made from mixed crystals of

 CdS [56]. Another bowing equation Eg(x) = Eo + (E1–E0–b)
s been obtained from a fit of 125 optical bandgap data
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m nine literature references that give Eo = 1.54 ± 0.01 eV,
 0.02 eV, and b = 1.88 ± 0.07 eV [57]. Using these two

s, we extracted the x value from our measured Eg = 1.47 eV
 �m sample to be 5–9% and the x value from our measured
V from 500 nm sample to be 65–70%. Therefore, one can
ange in the measured Eg from PL to estimate the x value
xTe1-x alloy film. The fact that two PL peaks are observed
ples with one unchanged peak position corresponding
2 eV for CdTe and one shifting peak corresponding to the
alloy crystals implies that there is a mixture of CdTe crys-
dSxTe1-x alloy crystals in each sample. The fact the FWHM

 PL peak from the 500 nm sample is broadened by one
agnitude to ∼123 nm from the ∼20 nm FWHM of 1.47 eV

rom the 2 �m sample also supports that within the pen-
epth of PL detection there is a wider range of x value in
e1-x alloy of the 500 nm sample.

ocurrent response of CdS/mica and CdTe/CdS/mica

a) shows the setup of photocurrent (I) vs. drain-source
VDS) or photocurrent response (I) vs. time (t) measure-
en light is switched on/off. Figs. 7 (b) shows collected I-VDS

m the 2 �m thick CdTe film on CdS on mica sample under
 three different lamp illumination intensity. All curves
st linear, indicating good Ohmic contacts. The inverse of

 from the I-VDS gives the resistance. The resistance of
 CdTe films under 30 mW/cm2 illumination is 32.5 M�.
n here are the I-VDS for the 200 nm CdS film and 500 nm
e film on CdS. The resistances under 30 mW/cm2 illumi-
e 20.4 and 281.6 M�, respectively. Figs. 7(c) and (d) are

 photocurrent responses vs. time under the on/off illu-
 intensity of 30 mW/cm2 for the 200 nm CdS film and the
e film on CdS samples, respectively at different VDS of 10, 5
ach curve reaches the same repeated intensity level when
is on indicating the response is reversible and stable. Our

 photoresponse decay behavior was fitted by a function

0 − Id) e
−
(

t−t0



)�

, (0 < � < 1) [59], where I0 is the current at
t when the light is turned off at time t0, Id is the measured

ent when the light is off, 
 is a characteristic constant for
 of the photocurrent, and � is the decay exponent. Table 4
esult of fit under three bias voltages.

S film
ill discuss the result using the 10 V bias voltage. The fitted

 the CdS film is on the order of 1 s. The data points collec-
size is 0.002 s. The fitted value of � is about 0.5 depending
as voltage. Literature report of the decay time of a single
S measured at room temperature is a few sec [60], where

 time is determined from the time when the photocurrent
 (1–1/e) ≈ 57% of the original value. Note this single crys-
as first heat treated in a sulfur atmosphere and then in a
If a single crystal CdS is heat treated in air, the decay time

 to sub sec. In other words, the decay time depends on the
t of a sample that may  change the density of traps relative
nsity of free carriers. Such trapping states may  have their
the forbidden gap of CdS as a result of impurity incorpo-
seous chemisorption/lattice defects and/or their complex
s. Trapping lengthens the decay time as well by slowly

 the trapped electrons after termination of illumination.
sity of traps is low relative to that of free carrier density,
nse time will be dominated by the recombination pro-
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brication method. For example, the decay time for chem-
osited CdS film ranges from a few to tens sec [61]. Our

 response time of the epitaxial CdS film is consistent with
ported for single crystal CdS [60]. This implies that our
CdS film has a high quality that is reflected in the absence
level in the PL spectrum. The decay exponent � value less
eans that there are two  distinct time periods, t < 
 and t

 < 
, the current decay is fast due to the recombination
ns and holes. For t > 
, the current decay is slow due to
lectrons are being untrapped [59,62].
otocurrent on/off ratio is defined as �Iphoton/Idark, where

 Ilight − Idark, Ilight and Idark are light-on current and light-
t, respectively. Our measured on/off ratio is in the tens,
er compared with the 105 ratio for CdS nanosheet where
rve is non-linear with the bias voltage. Their high inten-

t-on) and the low intensity (light-off) are 10−5 A and
espectively, using 5 mW laser power and 5 V bias [63]. For
ly deposited CdS thin films under AM2  solar illumination,
f ratio is 106 to 107 [61].
tector’s current responsivity R is defined as the photocur-
rated per unit area of the incident light power on the

area of a photo conductor. R is expressed as R = �Iphoton/PS,
Iphoton is the difference between the currents with light-on
-off. P is the light power and S is the effective area of the
ector. The calculated R values for three biases are shown
4. The value of R increases with increasing bias voltage
alculated R is ∼163.9 �A/W for VDS = 10 V. Our responsiv-
R of epitaxial CdS film is larger than ∼1 �A/W measured
0 nm thick polycrystalline CdS films with ∼8 nm size crys-
lastic substrates [64] or 10−4–10−5 A/W measured from

 nm thick polycrystalline CdS films with tens nm size crys-
-GaAs substrate [65]. Note that the R value depends on
ure, incident photon wavelength, contacts, bias voltage,
ector design and size [66].

Te film on CdS film
(c) and (d) show that the photocurrents measured from
CdS are tens of nA and hundreds of nA for the 500 nm

 thick CdTe films, respectively. The photocurrent reaches
 level under the light-on condition indicating reversible
le responses. The fitted decay time 
 for the 500 nm or
k CdTe film on CdS is ∼1 ms,  orders of magnitude shorter
1 s for CdS. The data collection step size is 0.05 ms.  See
he value of � is ∼0.4, again, implying one fast and one
y processes. The on/off ratio is in the tens for the 500 nm
e film and hundreds for the 2 �m thick CdTe film. Our
e is shorter and the on/off ratio is higher than previous

 reports of film or micron-size or nano-size structures.
ple, the photoresponse of 365 nm UV  light incident on

lm/graphene device with a 10 �m gap distance between
s shows an Ohmic behavior in the I–V curves. The average

 time (the time needed for the photocurrent to reach 90%
urated current value from the baseline) is 10.4 s. The on-
of the CdTe photodetector is ∼2.8 under light intensity

/cm2 and 1 V bias [67]. Photodetectors made of CdTe in
ize structures have also been reported. For examples, CdTe
es have a rise time and a decay time of 7.7 s and < 0.06 s,
ely [49]; the on-off ratio for a field effect transistor made

 microwire is 2–3 at 20 V bias under the UV light [68].
structures, examples are: for a CdTe nanoribbon the ratio
0 V bias voltage under light (400–1000 nm) intensity of
cm2 [51]; for CdTe nanorods the ratio is 15 at 1.5 V bias
ite light (metal halide lamp) [69]; and for CdTe nanoflake

 fluorine doped tin oxide glass the ratio is < 10 at −1 V bias
nder white light illumination [70].
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Fig. 7. (a) Experimental setup for photocurrent vs. drain-source voltage (I-VDS) measurement and photocurrent response vs. time t measurement using a lamp and a mechanical
chopper with a variable frequency, (b) I-VDS of 2 �m CdTe film on CdS on mica under dark and light illumination at 3.5, 13, and 30 mW/cm2. Cycles of photocurrent responses
of (c) 200 nm CdS film on mica and (d) 2 �m CdTe film on 200 nm CdS film on mica film under 30 mW/cm2 illumination at VDS = 2, 5, and 10 V.

Table 4
Decay time 
 and decay exponent � extracted from the fits of measured photoresponse vs. time curves, photocurrent on/off ratio, and calculated current responsivity R under
various source-drain voltage VDS .

Sample VDS (V) 
 � Photocurrent On/off ratio Responsivity R (�A/W)

200 nm
CdS/mica

10 1.007 ± 0.002 s 0.520 ± 0.001 19.71 ± 1.74 163.90
5 1.106 ± 0.002 s 0.714 ± 0.003 10.04 ± 1.42 64.60
2 1.000 ± 0.002 s 0.793 ± 0.005 7.89 ± 1.64 28.79

2  �m CdTe/
200  nm CdS/mica

10  0.98 ± 0.05 ms  0.418 ± 0.021 303.49 ± 3.07 101.16
5 0.99 ± 0.05 ms  0.480 ± 0.013 143.85 ± 1.04 47.95
2 0.99 ± 0.05 ms  0.511 ± 0.019 53.68 ± 0.83 17.89

500  nm C
200  nm C

16 

53 

33 

3.8. Hall 

The H
temperat
gave n-ty
1017/cm3

slightly h
by hot w
dopant a

mob
e me
es by

 mob
rysta
L sp
dTe/
dS/mica

10  0.99 ± 0.05 ms  0.400 ± 0.0
5 1.01 ± 0.05 ms  0.611 ± 0.0
2 1.02 ± 0.05 ms  0.896 ± 0.1

mobility of CdS film and CdTe/CdS film

all measurement of our 200 nm thick CdS film at room
ure under 1 nA or 3 nA and 0.4000 T applied magnetic field
pe carriers with an average concentration of (1.3 ± 0.5) ×
and average mobility of 344 ± 76 cm2/Vs. This value is

Our  

valu
strat
high
gle c
the P
igher than 230 cm2/Vs of a micron thick CdS film grown
all epitaxy on single crystal SrF2 with n-type indium

nd a concentration of 2 × 1017/cm3 to 3 × 1018/cm3 [71].

they shou
enough (
34.25 ± 1.15 13.01
21.85 ± 1.29 7.28
8.48 ± 0.59 2.83

ility is one or two orders higher than the tens of cm2/Vs
asured from a micron thick CdS film grown on glass sub-

 thermal evaporation [72,73]. We  attribute our measured
ility to our high quality epitaxial CdS film grown on sin-
l mica substrate where no defect peak was observed in

ectrum of CdS film. For CdS films used in solar cell device

ld be conductive (dopant concentration ∼1016 cm−3), thin
50–100 nm)  to allow high transmission, and uniform in
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