Investigation of minority carrier trapping in n-type doped ZnSe
using photoluminescence decay measurements
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Temperature dependent photoluminescence decay measurements have been used to study the
minority carrier dynamics in iodine-doped ZnSe grown by molecular beam epitaxy. The existence
of three deep acceptor levels with energies at 80, 120, and 350 meV above the valence band has
been established. The 80 and 120 meV levels have a density dependence directly related to the
iodine doping density whilst the level at 350 meV does not. Significant broadband donor—acceptor
emission is observed from this material and appears to be associated with the acceptor level at 350

meV. © 1995 American Institute of Physics.

The optoelectronic properties of II-VI semiconductors
and in particular ZnSe, are of considerable interest at present
due to the recent fabrication of photonic devices operating in
the blue/blue-green spectral region."5 The performance of
these devices can be greatly influenced by the presence of
impurities and lattice defects in the material, since these can
act as traps or centers for nonradiative recombination and
thus deplete the free-carrier concentration. The nature and
origin of these centers is of crucial importance for growth
optimization and hence improvement of device performance
in the future. Electrical techniques such as deep-level tran-
sient spectroscopy (DLTS) have been routinely used to study
majority carrier trapping centers in both n- and p-type doped
ZnSe.®~® However, investigation of minority carrier trapping
has been more limited'®!! with the need to use optical DLTS
(ODLTS) for the commonly used Schottky diode structures.

In a recent publication'2 we reported a room tempera-
ture, time-resolved photoluminescence (TRPL) study, of de-
vice quality, n-type (iodine-doped) and p-type (nitrogen-
doped) ZnSe grown by molecular beam epitaxy (MBE). For
n-type material, under low injection level conditions, the de-
cay rate of the band-edge photoluminescence (PL) increased
with increasing sample doping density. The PL decays had an
approximately exponential form, consistent with a linear re-
combination process. For the more heavily doped n-type
samples, additional broadband emission was observed over
the spectral region 500—700 nm. This emission decayed on a
microsecond time scale and was nonexponential, correspond-
ing to a nonlinear recombination process. It was concluded
that the dominant recombination mechanism for n-type ma-
terial was via minority carrier capture by deep-level accep-
tors, followed by radiative donor—acceptor recombination. In
this letter, the study of n-type material has been extended to
include variable temperature measurements and a greater
range of sample doping densities.

The instrument used to perform the measurements in this
study is microscope-based (a derivative of an Edinburgh In-
struments Life-Map) and has been described elsewhere.'?
Sample excitation was provided at a wavelength of 420 nm,
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by a commercial frequency doubled picosecond AlGaAs la-
ser diode (pulse duration <20 ps). The detector was an ac-
tively quenched silicon single-photon avalanche diode
(SPAD)'* with an active area ~7 um diameter. Using appro-
priate imaging and polarization optics, TRPL measurements
can be performed with a spatial resolution of <5 um (Ref.
15) and over a spectral range 430—1100 nm. The instrument
uses the time-correlated single photon counting technique'®
and has an instrumental full width at half-maximum
(FWHM) of ~50 ps.

The samples under investigation were MBE-grown ZnSe
layers of ~2 um thickness, grown on a semi-insulating
GaAs substrate, [100] orientation. The samples, were either
nominally undoped, i.e., with an uncompensated donor con-
centration, Np-N,,<10'® cm™, or iodine (n-type)
doped with various values of Np—N, ranging up to 2
%X 10" ecm™. Np—N, was measured using electrochemical
capacitance—voltage profiling,'” and was found to be uni-
form in the direction of growth.

The samples were mounted under the microscope objec-
tive within a continuous flow helium cryostat (Oxford Instru-
ments CF1104) which had been modified to allow close op-
tical access to the sample. The laser excitation and PL
collection were accomplished using a long working distance
(~8 mm) reflecting objective (Ealing X36), which led to a
reduction in PL collection efficiency of ~30% compared to
the refracting objective configuration used for room tempera-
ture measurements. In all the measurements presented in this
letter, the excitation pulse energy incident on the sample was
~20 fJ and was focused to an elliptical spot of area ~40
um?. Assuming an absorption coefficient of ~10° cm™!
(Ref. 18) this yielded a peak photogenerated carrier density
of <10'® cm™3.

The room temperature steady state PL spectra for the
iodine doped samples shows a single feature at ~440-450
nm together with the much broader deep level emission in
the 500-700 nm region. The spectrally integrated intensity
ratio of near band edge to deep level emission is ~1:2.5 for
the 1.5%10'® cm™3 doped material and ~1.5:1 for the 1.3
X 10'7cm™ doped material. Figure 1 shows the PL decays
integrated over the spectral range 440-450 nm, from the
1.5%10'® cm™3 doped material at various temperatures be-
tween 100 and 190 K. Below 100 K the form of the decay is
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FIG. 1. PL decays from the sample with Np—N,~1.5X10'® cm™> for
temperatures in the range 100-190 K. Sample excitation was at a wave-
length of 420 nm and PL detection was over the spectral range 445-455 nm.
The peak photogenerated carrier density was <10'® c¢m™>.

temperature invariant and follows a single exponential over
more than three decades in PL intensity, with a time constant
7, of ~20-30 ps. At ~100 K, a much longer, single expo-
nential component appears with a decay time 7,, >50 ns. As
the temperature is increased, this component becomes pro-
gressively more rapid, and larger in amplitude, before merg-
ing into the main PL decay at a temperature of ~190 K. This
cycle is repeated again in the temperature range ~160-250
K, and a third time in the range 360-500 K. Similar tem-
perature dependent behavior was observed with the 1.3
X 10'7 c¢m™3 doped material but the initial decay rate was
slower (7;~60 ps), and the amplitude of the longer lifetime
component was considerably reduced compared to the main
decay. For the heavily doped material, Np-N,
>10'"" cm™3, and the lightly doped material, N,—N,
<10'® cm™3, the luminescence efficiency was too low to
observe the longer component above the background noise
level.

The temperature dependent decays are characteristic of
carrier reemission from deep trapping levels. The time con-
stant 7, for such a process depends on the temperature T
according to the equation'®

Tz:NBva exp(AE/kT), (1)

where AE and o are the activation energy and cross section
of the trap, and v is the carrier thermal velocity. Ng is an
effective density of states in the band to which the traps are
coupled and is given by Ng=(2mwm*kT/h*)*?, where
m*=0.6m, (Ref. 4) was used for the valence band. Since
the re-emission from a particular trapping level occurs over a
specific temperature range the carrier dynamics can be
treated separately for each level and thus, for a limited tem-
perature range, the system can be described by three coupled
rate equations consisting of the conduction and valence
bands and the one, relevant, trapping level. For the doped
samples, this can be further simplified to leave two equations
since the injected carrier density is much less than the back-
ground carrier density, and thus the concentration of elec-
trons in the conduction band » is effectively constant. This
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also implies that the trapping and re-emission process is due
to minority carriers, and thus the rate equations for the free
hole and trapped hole populations, p and m, respectively,
become

dt = . (Bn +b+ ov T)p,
dt v T2 ’

where N7 is the trap density. B is the radiative recombination
coefficient and b is the rate at which carriers are trapped by
other levels, not involved in the re-emission process. The PL
decays for samples with Np—N,~1.3X10'7 ¢m™3, and
Np-N,~1.5X10'"® cm™ were fitted to the above
model by solving the rate equations numerically and using
reconvolution analysis with three adjustable parameters
T, 0UN7, and (Bn+b). The model assumes that the trap-
ping and recombination processes are linear, i.e., that the
traps are not saturated, and this is confirmed by the resulting
best fit parameters which were consistent over each tempera-
ture range. Figure 2 shows plots of the deduced 7, values
versus 1000/T for the three different trapping levels. Since
Np and v are also temperature dependent the data in Fig. 2
was fitted to Eq. (1) using a nonlinear least squares fit and
the resulting activation energies and cross sections are given
in Table I. Also shown in Table I are the densities of each
trap in the two samples, obtained from the best fit parameters
to the model. It should be noted that TRPL can measure
reemission rates which are ~4-5 orders of magnitude higher
than DLTS and other similar techniques, and thus it is pos-
sible to study much shallower levels using this method.

As previously mentioned, for the more heavily doped
samples Np—-N,>10'" cm™3, considerable deep level
emission was observed in the 500-700 nm spectral region.
Since the decay of this luminescence was nonexponential, as
would be expected for recombinaticn in the minority carrier
regime, it was attributed to donor—acceptor pair (DAP) re-
combination in previous work.'? In the temperature range
300-500 K the intensity of the DAP emission is greatly re-
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FIG. 2. Arrhenius plots for the three acceptor levels observed in iodine
doped ZnSe. The data shown were obtained from the temperature depen-
dence of the re-emission in the sample with Np—-N,~1.5X 10'5,‘?,,
cm™3. The activation energies were obtained from nonlinear least-squares fit '
to Eq. (1), shown by the solid lines through the data.

Massa et al.



TABLE I. Trap parameters for the three acceptor levels A;, A,, and A; observed in iodine doped ZnSe.

A Ay Az
AE (eV) 0.08 0.12 0.35
a(cm™?) 9.5x107 "3 4.6x1071° 8.6x10° 13
Ny (em™)
Sample:
Np-N,~1.3%x10"7 cm™ 2.1x10" 6.9x10' 49x10"
Np—N,~1.5%x10"® cm™3 3.2x10'° 7.2X%10" 1.4x10'6

duced with increasing temperature and the decay rate of the
DAP emission increases significantly. The temperature varia-
tion of the initial decay time constant shows the same trend
as the reemission time constant (7,) associated with acceptor
level A;. It thus seems likely that the acceptor level at 350
meV above the valence band (A;) is involved in the DAP
emission process and that the decrease in DAP emission at
these temperatures is due to the reemission of trapped holes
into the valence band from this level. However, the lumines-
cence intensity around the band edge wavelength also de-
creases as the temperature is raised above 300 K, and thus
nonradiative recombination from the valence band must also
be of increasing importance.

For the three levels indicated in Table I, both A, and
A, appear to increase proportionately with doping density
whilst A; is much more weakly dependent. Since the con-
centrations of A and A, are ~2% of Np—N, it seems likely
that these levels are either due to impurities introduced with
the iodine or defects associated with the iodine. Leigh et al."’
observed acceptor levels at 85 and 100 meV in nitrogen
doped material using ODLTS, and a level at ~110 meV is
commonly attributed to a hydrogenic acceptor. The level
Aj at 350 meV does not appear to have been observed pre-
viously but is probably due to a lattice defect such as a zinc
vacancy or an associated complex. Its presence could not be
confirmed in the lightly doped samples due to the low lumi-
nescence efficiency of this material. The spectral width of the
deep level emission (500-700 nm) would seem to indicate a
strong lattice coupling for this level.

In conclusion, PL decay time measurements have been
used to study the minority carrier dynamics in iodine doped
ZnSe grown by MBE. The presence of three deep acceptor
levels has been established, with energies of around 80, 120,
and 350 meV above the valence band. The 80 and 120 meV
levels appear to be directly related to the iodine dopant and
are possibly due to an elemental impurity or a dopant related
defect. The 350 meV level is likely responsible for the strong
DAP emission from this material and is probably associated
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with a lattice defect since its concentration does not increase
proportionately with the doping density.
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