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In this study, photoluminescence (PL) measurements are performed for analyzing shallow acceptor
states in undoped cadmium telluride films on gallium arsenide substrates. PL and time-resolved
photoluminescence spectra are analyzed in the vicinity of a 1.55 €V band. The residual impurity
concentration in the undoped cadmium telluride film is greater than 1.5 x 10'® cm™3. By analyzing
the peak shift of the 1.55 eV band as a function of time after pulsed excitation, the bound-to-
bound reaction constant for the undoped cadmium telluride film on a gallium arsenide substrate is

estimated to be 2.4 x 107 s71.
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I. INTRODUCTION

Thick cadmium telluride (CdTe) epitaxial layers have
been investigated owing to its potential applications in
X- and 7-ray detectors [1]. Meanwhile, CdTe films on
gallium arsenide (GaAs) substrates have been investi-
gated for their application as substrates for mercury
cadmium telluride (HgCdTe) infrared detectors [2].
Impurity analysis is crucial to CdTe films because both
doped and undoped impurities significantly affect the
performances of devices incorporating CdTe films.

Photoluminescence (PL) measurement is an excellent
nondestructive tool for characterizing semiconductors
and is widely used to analyze the impurity state and
defect structure of semiconductors. CdTe crystals exhi-
bit sharp emission lines due to donor and acceptor
bound exitons, edge emission bands [3] [free-to-acceptor
(FA) emission, donor-acceptor-pair (DAP) emission],
and deep-level bands (1.42 eV band [4] and 1.47 eV
band [5]). These emissions can be used to characterize
intrinsic uncontrolled impurities and defects deviations
from the stoichiometry in the CdTe crystal as well as to
determine the energy levels of donors and acceptors.

In our previous study, by analyzing PL spectra in
metal organic chemical-vapor deposition (MOCVD)-
grown CdTe films on (100) GaAs substrates, we establi-
shed that the origin of the deep-acceptor state of the 1.42
eV band was presumably a complex comprising a Cd-
vacancy and a chlorine (Cl) donor atom [6]. Moreover,
we reported that the 1.47 €V band overlapped with the
1.42 €V band, and that its intensity decreased with heat
treatment [7].

In our previous studies, in the vicinity of 1.55 eV,
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a DAP emission was observed in undoped MOCVD
grown CdTe films on (100) GaAs substrates [6-8]. In
molecular beam epitaxy (MBE)-grown CdTe layers on
GaAs substrates, sharp DAP and FA emissions were
observed, and their acceptor origin was a complex
comprising a Cd-vacancy and a Cl donor atom, assigned
by analyzing linear polarized PL spectra [9]. Moreover,
to estimate the ionization energy of a Cd-vacancy and
two Cl donors on tellurium (Te) sites in a Cl-doped bulk
CdTe, temperature-dependent PL measurements were
performed [10].

However, a time-resolved photoluminescence (TRPL)
of the DAP emission has not been reported in previ-
ous studies regarding CdTe films on GaAs substrates.
Therefore, we herein provide an interpretation of the
DAP emission based on experimental studies regarding
the decay kinetics in CdTe films on GaAs substrates.

II. SAMPLE PREPARATION AND
EXPERIMENTAL METHODS

The details of the MOCVD apparatus are described
in Fig. 1. A vertical flow cold wall MOCVD system
was utilized for growing CdTe films. The MOCVD
system comprised two different flow paths connected to
the growth reactor designed for precursor transport to
suppress pre-reactions to achieve a uniform film growth.
The first one was a Cd precursor path. The second path
was employed to deliver a Te precursor and hydrogen
(Hs) gas. The gas flow tubes were made of stainless steel.

Dimethylcadmium (DMCd) diluted with helium (He)
at a concentration of 0.13% from Nippon Sanso
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Corporation was used as the Cd precursor. The Te
precursor used was dimethyltellurid (DMTe) from Tri
Chemical Laboratory Incorporated; it was stored at 0°C
in a constant-temperature bath and fed by bubbling with
purified Hs gas in containers. The DMTe was delivered
to the growth reactor using Hs gas as the carrier gas.
The DMCd and DMTe flows were controlled using mass-
flow-controllers (MFC).
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Fig. 1. Low-pressure MOCVD apparatus

The DMTe and Hy gas were supplied from a vertical
inlet. The DMCd was injected from the oblique upsi-
de to the susceptor. We used a graphite susceptor that
was heated by an infrared radiant lamp underneath the
susceptor. We used the precracking method for dissolving
the DMTe prior to the deposition of CdTe films because
the CdTe film growth did not proceed at the substrate
temperature of approximately 350°C under low-pressure
conditions owing to the high decomposition temperature
of DMTe. A schematic illustration of the growth reactor
with a cracked DMTe precursor is shown in Fig. 1 [11].

Cr-doped semi-insulating (100)GaAs (1 cm x 1 cm)
misoriented by 3° toward the nearest (110) was used as
the substrate. It has been proven that high-quality CdTe
films can be grown on GaAs substrates despite the signi-
ficant lattice mismatch (14.6 %) between them [12]. The
GaAs (100) face was superior to the GaAs (111) because
the twinned region can be excluded from the CdTe films.
The misalignment of the GaAs surface toward the (110)
suppressed hillock formation [12].

The substrates were alternately degreased in a tri-
chloroethylene (CoHCl3) solution and acetone (C3HgO)
for 5 min each, then they were rinsed in ethanol.
The substrates were cleaned with deionized water via
ultrasonic cleaning. Subsequently, the substrates were
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etched in a 5:1:1 solution of sulfuric acid (H2SOy),
hydrogen peroxide (H2O5), and water (H20) at 40°C for
1 min. They were rinsed in deionized water and boiled
in a hydrochloric acid (HCI) solution.

After etching, the substrates were placed immediately
on the susceptor in the reactor. The reactor was pumped
down to 1076 Torr using a turbo-molecular pump. Pri-
or to growth, the substrates were thermally cleaned at
550°C for 5 min in the reactor in a Hy gas flow to reduce
the oxidized surface. At the end of this annealing, the
H, gas continued flowing while the susceptor cooled to
the growth temperature. When the susceptor had cooled
to the growth temperature, DMTe was introduced into
the reactor. CdTe growth was started by introducing
DMCd to the reactor. The CdTe growth was terminated
by stopping the supply of the DMCd to the reactor. After
this, the DMTe supply to the reactor was immediately
termineted. At the end of the CdTe growth, Hy gas was
supplied continuously until the susceptor cooled to the
room temperature.

The growth temperature was 350°C, and the cracki-
ng temperature was approximately 500°C. The growth
pressure was 5 Torr, and the growth duration was 1
h after the DMCd introduction. The flow rate of the
H, carrier gas was 70 cc/min. The flow rate of Hy gas
for the substrate thermal cleaning and cooling was 70
cc/min, whereas the flow rates of DMCd and DM Te were
5.80 x 1075 and 1.16 x 1075 mol/min, respectively. The
feed molar ratio of DMTe to DMCd was set to 2.

To confirm crystallization, § — 20 X-ray diffraction
(XRD) measurement was performed on the samples usi-
ng Cu Ka; (1.5405 A) and Cu Kay (1.5443 A) radiation
from 20° to 70° using the RAD-B system of Rigakudenki
Co. Ltd. The crystalline uniformity of the CdTe films
was analyzed based on the full width at half-maximum
(FWHM) of the (400) diffraction from the X-ray rocking
curves.

The surface morphology of the CdTe films was
analyzed via visual inspection and using scanning
electron microscopy (SEM, JEOL JSM-L5S). The thi-
ckness of the CdTe films was obtained from SEM
observations of the cleaved surface with the measurement
error of 0.02 um.

The intrinsic uncontrolled impurities and defects of the
CdTe films were analyzed from the PL spectra. We used
undoped as-grown CdTe films on GaAs(100) substrates
for PL spectrum and TRPL analysis. The sample was
immersed in liquid He at 4.2 K for all measurements.

PL measurements were performed using a He—Cd laser
(441.6 nm, 50 mW) as an excitation source in addition to
a 1 m Jobin—Yvon single-grating monochromator using
a conventional rock-in system with the energy resolution
of 0.1 meV.

The bound-to-bound reaction constants of the CdTe
films were estimated using TRPL measurements. The
TRPL measurements were performed at 4.2 K using an
Ny laser (pulse width and repetition rate of 1 ns and
10 Hz, respectively) as an excitation source. Moreover,
a 1 m Jobin—Yvon single-grating monochromator contai-
ning a conventional boxcar integrator with the energy
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resolution of 0.1 meV was employed. The laser N, power
was controlled using neutral-density filters.

III. RESULTS AND DISCUSSION

The XRD patterns exhibited peaks at 260 = 27.49° and
56.74° which corresponded to reflections on the (200) and
(400) planes of cubic CdTe, respectively, without additi-
onal shallow diffraction peaks. The structure of the CdTe
film was found to be cubic with a preferential orientati-
on of the (100) plane parallel to the GaAs substrates
without other orientations or phases.

The FWHM of the (400) diffraction from the X-ray
rocking curve of the CdTe film was estimated to be 540
arcsec, and peak separation was not observed for Cu Koy
and Cu Kas. By contrast, the GaAs substrate used in
this study had the FWHM of 331 arcsec, and peak
separation was observed for Cu Ka; and Cu Kas. This
indicates the poor crystalline uniformity of the CdTe film
compared with the GaAs substrates.

The CdTe layer was visually uniform and covered the
(100) GaAs substrate surface. Moreover, the CdTe fi-
Im exhibited a shiny, mirror-like surface. The CdTe film
exhibited a flat surface without any indication of hillocks,
as confirmed via SEM.

The grown CdTe film was 1.2 pm thick, as estimated
via SEM.

Prior to assessing the TRPL properties in an undoped
MOCVD-as-grown CdTe film, the typical PL properti-
es must first be determined. Figure 2 shows the PL
spectrum for the undoped CdTe layer grown on a
GaAs(100) substrate using DMCd and DMTe at 350 °C.
The spectrum was dominated by a sharp neutral-
acceptor bound-exciton emission at 1.5904 eV, denoted
as A}, with the line width of 0.9 meV. A neutral-donor
bound-exciton at 1.5931 €V, denoted as DI, with the
line width of 1.4 meV was observed. Furthermore, we
observed a heavy-hole free-exciton emission at the high-
energy shoulder of the neutral-donor bound-exciton emi-
ssions. Moreover, the light-hole free-exciton emission at
the high-energy shoulder of the heavy-hole free-exciton
emission was weak. A neutral-acceptor bound-exciton
emission near 1.5904 eV was observed in Cl-doped CdTe
bulk crystals [10, 13]. Meanwhile, a neutral-donor bound-
exciton emission near 1.5931 eV was observed in Cl-
doped CdTe bulk crystals [10, 13]. These features indi-
cate that the CdTe film contained Cl complex acceptors
and CI donors.

In comparison, in the lower photon energy range of
1.51-1.58 €V, a DAP emission was observed. In the much
lower photon energy range of the DAP emission, a deep-
level the 1.4 eV emission was observed.

To clearly distinguish the DAP and 1.4 eV emissi-
ons, we performed the Lorentzian deconvolution. We si-
mulated the total shape of the DAP and the 1.4 eV
emissions using the Poisson distribution combined with
Lorentzian lines for each individual line. The intensity of
the nth phonon replicas can be described by the Poisson

distribution, as follows [4]
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(3.1)
where S is the Huang—Rhys coupling parameter, and
Iy is a constant. The deconvolved band shapes of the
DAP and the 1.4 eV emissions are plotted in the inset
of Fig. 2, where the broken lines indicate the Lorentzian
deconvolutions.
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Fig. 2. Typical photoluminescence spectra obtained at 4.2 K

on the CdTe layer of (100) GaAs 1.2 pm thick. The inset

shows a deconvolved spectrum based on the Poisson distri-

bution combined with Lorentzian lines. The broken lines indi-

cate the Lorentzian deconvolutions in the 1.519, 1.47, and
1.42 eV bands

A broad DAP emission band, denoted as (DAP), was
observed near 1.559 eV together with its longitudinal
optical (LO) phonon replicas. The LO phonon energy
of CdTe was 21 meV. The best fit was obtained for
the linewidth of 11 meV and the Huang—Rhys coupli-
ng parameter of 0.12. The peak energy of the 0-LO line
was estimated to be 1.559 eV. Based on the origin of
the acceptor state of the 1.42 eV band, the origin of the
acceptor state of the DAP emission was presumably a
complex comprising a vacancy on the Cd sublattice and
a Cl donor [9].

The result indicates that the 1.4 eV emission compri-
sed a 1.47 eV band, denoted as Y, and a 1.42 eV band,
denoted as (DAP),. The intensity ratio of the 1.47 eV
band to the 1.42 eV band was estimated to be 0.045.
The 1.42 €V band comprised a zero-phonon (0-LO) li-
ne followed by four phonon replicas (1-LO to 4-LO),
each separated by a phonon energy of approximately 21
meV. The best fit was obtained for the linewidth of 11.5
meV and the Huang—Rhys coupling parameter of 1.18.
The peak energy of the 0-LO line was estimated to be
1.499 eV. Based on our previous study, the origin of the
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acceptor state of the 1.42 eV band was presumably a
complex comprising a vacancy on the Cd sublattice and
a Cl donor [6].

The 1.47 €V band comprised a zero-phonon (0-LO)
line, followed by two phonon replicas (1-LO and 2-LO),
each separated by a phonon energy of approximately 21
meV. The best fit was obtained for the linewidth of 4.3
meV and the Huang-Rhys coupling parameter of 0.12.
The peak energy of the 0-LO line was estimated to be
1.477 eV.

In Fig. 2, the characteristics of the emission peak at
1.519 eV, denoted as X, are unknown currently.

The impurity concentrations (N) for the DAP emissi-
on and the 1.42 eV band can be determined from the
DAP emission and the 1.42 €V peak photon energies. We
used the following equation in our calculations [15]:

2

drer’

FEpa = Eg — (EA + ED) + (3.2)
where E, is the activation energy of the acceptor, Ep
is the activation energy of the donor, E, is the energy
gap of CdTe at 4.2 K, and e?/4mer is the Coulomb
energy from the donor to the acceptor, e is the electron
charge, and ¢ is the dielectric constant (10.2) [16]. N can
be calculated from the equation (47/3)r3 = 1/N, [7]
where 7 is the mean spacing between the impurities.
For the 1.42 €V band, the value of N was estimated to
be 1.49 x 10"® cm™3, where Ex = 120 meV [10] and
Ep = 14 meV [16] were used. For the DAP emission, the
value of N was estimated to be 1.47 x 10'7 cm =3, where
Ep = 45 meV [10] and Ep = 14 meV [17] were used.
Here, we used the band gap energy of CdTe, i.e., 1.606
€V [18]. By analyzing the PL peak energy, we established
that the intrinsic-uncontrolled impurity concentration in
the undoped CdTe film exceeded 1.5 x 108 cm~3. These
impurities were presumably due to the residual impuriti-
es contained in alkyl sources or from the growth system.

t (ps) AE (meV) R (nm) Wy (s7') N (cm™?)

5 2.2 14 1.9 x 107 7.9 x 10'¢
10 3.1 16 2.0 x 107 5.9 x 10'¢
15 3.8 17 2.5 x 107 4.7 x 10'¢
20 4.0 18 2.4 x 107 4.3 x 10'¢

Table 1. Values of emission peak shift AF for 0-LO line of

1.55 eV band, donor—acceptor pair (DAP) separations R,

bound-to-bound reaction constants Wy, and impurity con-
centrations N for different times after pulsed excitation

To estimate the bound-to-bound reaction constant
for the undoped CdTe film on a GaAs substrate, we
measured the TRPL for the DAP emission. Figure 3
shows the change in the emission spectra for the DAP
emission band at 4.2 K with time after pulsed excitation
in a CdTe film on a GaAs(100) substrate. The DAP emi-
ssion band comprised a zero-phonon (0-LO) line, followed
by one-phonon replicas (1-LO). They were separated by
a phonon energy of approximately 21 meV. The peak
energy of the 0-LO line was 1.559 eV. A phonon replica
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(1-LO) peak at the low-energy tail of the DAP emissi-
on peak was observed. We simulated the total shape of
the DAP emission band using the Poisson distribution
combined with Lorentzian lines for each individual line.
Furthermore, the deconvolved line shapes of 1-LO were
plotted as broken lines. as shown in Fig. 3. The best
fit was obtained for the linewidth of 11.0 meV and the
Huang—Rhys coupling parameter of 0.25 at 0 ps after
pulsed excitation. The value of S was greater than that
of the continuous excitation shown in Fig. 2. The di-
fference in the Huang—Rhys coupling parameter between
the pulsed and continuous excitations was presumably
the difference in the excitation density between them.

400 exper. 1

Intensity/arb. unit

151 152 153 154 155 156 157 158 1.59
Energy/eV

Fig. 3. Spectral changes in the 1.55 eV donor-acceptor pair

(DAP) emission band of the CdTe film after the pulsed exci-

tation at (a) 0 ps, (b) 5 mus, (¢) 10 ps, (d) 15 ps, and (e)

20 ps. The broken lines indicate the Lorentzian deconvoluti-
ons in the 1.55 eV DAP emission band

The DAP emission band peaks including their LO-
phonon replicas shifted to a lower energy as time
progressed after pulsed excitation was applied. Table 1
shows a summary of the values of the emission peak shi-
ft AFE for the 0-LO line of the DAP emission band. The
0-LO line of the DAP emission shifted by 4.0 meV to a
lower energy of 20 s after pulsed excitation was appli-
ed. Using the time-dependent energy peak shift observed
in the TRPL of the DAP emission band, the bound-to-
bound reaction constant Wy was calculated using the
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following equation, [5]

4FEp

ECma.X

ECmaX
In(Wy) = +1In (1 - ) —Int, (3.3)

D

where E.pax is the Coulomb energy at the position of the
emission peak at time ¢. Table 1 shows a summary of the
values of the DAP separation R and Wy as a function of
time after pulsed excitation.

At t = 20 ps, for a donor binding energy FEp of
14 meV, [16] Wy was calculated to be 2.4 x 107 s~1;
this value was lower than that of undoped p-type bulk
CdTe for the 1.42 eV DAP band (Wp = 54 1 x 107s71)
[18].

The impurity concentrations in the undoped CdTe fi-
lms on GaAs substrates estimated from the peak energies
of the 0-LO line of the DAP emission as a function of ti-
me after pulsed excitation are listed in Table 1. The value
of N = 4.3 x 10'6 cm~3 at 20 ps is greater than that
in the case of undoped p-type bulk CdTe for the 1.42 eV

DAP band (N = 2.5 x 10'¢ ecm=3) [19].

IV. CONCLUSIONS

To investigate the nature of the DAP emission in the
vicinity of 1.55 eV in undoped CdTe films on GaAs
(100) substrates, we measured the PL spectra and TRPL
of CdTe films on GaAs (100) substrates. The resi-
dual impurity concentration in an undoped CdTe film
on a GaAs substrate exceeded 1.5 x 10'® ecm™3. The
deconvolved linewidth for each phonon replica in the
DAP emission band was 11.0 meV. The Huang-Rhys
coupling parameter was estimated to be 0.25, based on
the total line-shape analysis of the DAP emission band
using Lorentzian deconvolution. Based on the TRPL
analysis, Wy was 2.4 x 107 s~1. The value of W, was
greater than that of the 1.42 eV band in an undoped
p-type bulk CdTe [19].
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C. ONODERA, M. YOSHIDA

®OTOJIIOMIHECIIEHTHUI AHAJII3 MIJIKOTO AKIIETITOPA B IJIIBKAX CdTe
HA TIAKJIAIKAX GaAs (100)

. 1 . 14 . 2
) Yikapa Onognepa”, Macaaki Vomizga
Cmapwa meznivna wrona, Lawinoze, npedexmypa Aomopi, SAnowis
2Hauionammuﬂ mezrHnoaozivnull Koaedoce, Lavinoze, npedexmypa Aomopi, SAnonia

V mromy mocimkenHi BuMipsHo doTomominectientio (DJI) st aHaTi3y MITKAX aKIMENTOPHUX CTa-
HIB y HeJIErOBaHUX TLTIBKAX TEMYPUIY KaJIMi0 Ha TiIKIaaKax 3 apcerimy ramio. @JI ta gaco-posmineni
crekTpu hOTOMOMIHECTIEHITT PO3TIAAHYTO B OKOM emyru 1.55 eB. 3anumnikoBa KOHIEHTpAIisA JOMIIIOK y
JeroBamiil wiiBmi Teaypuay kammio mepesumiye 1.5 x 1018 em~2. Anasnisyroun 3cys mika cmyru 1.55 eB sk
dyuKio vacy micas iMmyaIbcHOTO 30YAKEHHST, MU OIIHUJIN KOHCTAHTY PeakIiii MiXkK 3B’SI3aHWMM CcTaHAMHT
JJId HeJIerOBaHOI TIJIiBKY TeJTyPUIY KaAMiI0 Ha MK 3 apceHiay rajiio gk 2.4 X 107 ¢~ L.

Kirro4goBi cjoBa: Tenypu Kaamio, poToIIOMIHECIEHIIIS, 4aC0-pOo3ijeHa (POTOMOMIHECIEHIs, aKIle-
[ITOPHUI JIOMIIIIKOBU €JIEMEHT.
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