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Compensating levels inp-type ZnSe:N studied by optical deep-level
transient spectroscopy
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Compensating levels inp-type ZnSe:N were studied by optical deep-level transient spectroscopy~ODLTS!.
A donor level was detected electrically. The activation energy of the donor level was determined to be 56
65 meV from the thermal emission process of trapped electrons. The energy position of the donor level was
also detected by a photoexcitation process of electrons from the valence band to the donor level. The concen-
tration of the donor level was estimated from the height of the ODLTS peak to be about 21% of the total
incorporated N atoms. This is much greater than the concentration of a hole trap detected in the same sample.
The donor level is concluded to be the most important factor in the compensation process in ZnSe:N.
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I. INTRODUCTION

Although N produced in a plasma source is by far the b
dopant in the production ofp-type ZnSe,1 the net acceptor
concentration is limited toNA

22ND
15131018 cm23 due to

compensation despite the fact that more than 1019 cm23 N
atoms can be incorporated into the material.2 There were a
number of reports on optical studies on the compensa
process in ZnSe:N. Haukssonet al.3 and Simpsonet al.4

observed two sets of donor-acceptor-pair~DAP! transitions
with zero phonon lines at 2.696 and 2.678 eV using pho
luminescence~PL! and suggested the existence of shall
donors with a binding energy of 26 meV, which is close
that of hydrogenic donors and N-related deep donors wi
binding energy of 44 meV. Typically, the shallow dono
appear whenNA

22ND
1,131017 cm23 and even in undoped

ZnSe, while the deep donors appear whenNA
22ND

1.1
31017 cm23. These facts suggest that the shallow donors
attributed to unintentionally doped impurities, while the de
ones to N-associated donors. Murdinet al.5 observed opti-
cally detected magnetic resonance from the deep donors
they claimed that the anisotropic resonance was consis
with the defect-related deep donor that they proposed to c
sist of a Se vacancy and a N substituting at a Se site. Zh
et al.6 determined the deep donor levels to be 5565 meV by
measuring the temperature dependence of the PL spe
Since most of these studies were carried out by optical m
ods based on the transition between the N-related donor l
and the N-related acceptor level or the valence band,
difficult to characterize the compensating centers in de
other than the energy position.
PRB 580163-1829/98/58~16!/10502~8!/$15.00
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An energy level in the band gap can influence the cond
tivity of the semiconductor by affecting carrier concentr
tions in the conduction or valence bands and can also in
ence the capacitance of the Schottky contact orp-n junction
by affecting the space charge density in the depletion lay
Electrical methods that measure conductivity, admittan
capacitance, etc., are capable of detecting these effects
thus are necessary to obtain more information such as
concentration, capture cross section, and energy posi
There have been a number of studies on deep levels inp-type
ZnSe:N based on electrical methods, however, mostly
deep hole traps.7–12 Only a few have reported deep electro
traps. Tanaka, Zhu, and Yao13 have found a deep electro
trap associated with N doping with an activation energy
0.36 eV below the conduction band ofn-type ZnSe co-doped
with Cl and N. Luet al.14 have detected an electron trap wi
an activation energy of 50 meV in highly compensat
ZnSe:N by using photoinduced admittance spectrosco
However, no information about the concentration of the le
has been reported.

The energy levels detected so far are shown in Tabl
Although a number of electron traps~donor levels! have
been reported, their concentrations still remain unclear.
the other hand, although the concentrations of the hole tr
were evaluated, none of them seem to dominate the com
sation process due to the lowNT /(NA2ND) in heavily
doped ZnSe:N. Thus the compensation process has been
cussed only on a qualitative level and the dominant comp
sating levels have not been clarified on the basis of th
concentrations. In order to study the compensation proc
on a quantitative level, the concentration of every level
10 502 © 1998 The American Physical Society
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TABLE I. Reported energy levels and their concentrations in ZnSe:N. The energy positionET denotes the activation energy of the carri
emission process in the case of deep levels.NT denotes the concentration of the levels.@N# denotes the concentration of incorporated
atoms.

ET ~eV! @N# ~cm23! NT ~cm23! NA2ND ~cm23! NT /(NA2ND) NT /@N# Reference

EC20.026 131017 3
EC20.044 1.531017 3
EC20.050 14
EC20.055 231017 6
EC20.056 2.431018 931017 631017 1.5 3.731021 present study
EC20.36 1017 831018a 13
EV10.22 (0.2 – 3.0)31014 131017 (0.2– 3.0)31023 8
EV10.46 731013 5.131015 1.431022 10
EV10.51 (2 – 8)31014 131017 (2 – 8)31023 8
EV10.63 (2 – 8)31014 131017 (2 – 8)31023 8
EV10.64 4.931015 531017 9.831023 12
EV10.67 131015 5.131015 1.931021 10
EV10.67 331018 131015 1.231018 831024 3.331024 9
EV10.72 (1 – 2)31014 831015 (1.2– 2.5)31022 7
EV10.79 4.631015 431017 1.131022 11
EV10.85 531016 13
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cated in the band gap has to be measured. This is espe
important for the N-related deep donor in ZnSe:N, which
been discussed but with the concentration still not clear
this paper the concentrations of the donor level and a
trap were estimated using optical deep-level transient s
troscopy ~ODLTS! and deep-level transient spectrosco
~DLTS!, respectively. The energy position of the donor le
was confirmed by photocapacitance transient spectros
~PCTS! and photocurrent measurements. A quantitative
cussion of the compensation process in ZnSe:N is also
sented.

II. PRINCIPLE OF MEASUREMENTS

In ODLTS measurements, light pulses are used for e
tation and capacitance transient is recorded after the ex
tion. In the excitation procedure, carrier transition happ
between possible states. The occupation of carriers on a
is a combined effect of emission and capture of carriers.
electron occupancy of an energy level in a depletion la
during the light pulse can be expressed by15

f 5
ep

o1Dnsnv th,n1ep
t

en
o1ep

o1Dnsnv th,n1Dpspv th,p1en
t 1ep

t , ~1!

where ep
o (en

o) is the optical emission rate of holes~elec-
trons!, ep

t (en
t ) the thermal emission rate of holes~elec-

trons!, Dp (Dn) the concentration of free holes~electrons!
in the depletion layer including photogenerated carrie
sp (sn) the capture cross section of holes~electrons!, and
v th,p (v th,n) the thermal velocity of holes~electrons!.

At low temperature, thermal emission is much sma
than the optical emission, i.e.,ep

t !ep
o and en

t !en
o , thus ep

t

anden
t are negligible. In order to determine the concentrat

of the donor level inp-type ZnSe, it is necessary to satura
lly
s
n
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the level with electrons in the excitation procedure. For t
purpose, a 325-nm HeCd laser was used as a light sou
When this above-gap light is directed into a ZnSe layer, fu
damental absorption takes place and electrons are ex
from the valence band to the conduction band. The fun
mental absorption is much stronger than the absorption
tween energy levels and the bands, thus the capture of
togenerated carriers is much stronger than the excitatio
carriers between the level and the bands, i.e.,Dnsnv th,n

@ep
o and Dpspv th,p@en

o ,16 and thusep
o and en

o are negli-
gible. As a result, Eq.~1! reduces to

f 5
Dnsnv th,n

Dnsnv th,n1Dpspv th,p
. ~2!

The occupation is mainly dependent on the free-carrier c
centration. Because the sample is highly doped, the deple
layer of the Schottky barrier is very thin, which is estimat
to be about 410 Å whenNA

22ND
15631017 cm23. The ab-

sorption coefficient is calculated froma'2.03104(hy
2Eg)1/2 to be about 2.13104 cm21.17 The strength of the
laser light is strong enough to enter ZnSe to about 1a
54600 Å, thus the laser light can enter the bulk Zn
through the depletion layer and electron-hole pairs are a
generated in the bulk. The electron-hole pairs genera
within a diffusion length adjacent to the depletion layer d
fuse towards the depletion layer. The electrons drift throu
the depletion layer, while the holes are repelled by the
tential barrier. Thus the total electron concentration drifti
into the depletion layer is much higher than that of the hol
i.e., Dn@Dp, and f approximates 1.18 This means that both
donors and acceptors in the depletion layer tends to cap
electrons, i.e., donors capture electrons to be neutrali
while acceptors remain ionized. If most of the donor lev
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are occupied by electrons, it is possible to estimate the c
centration of the donor level from the peak height of t
ODLTS spectrum.19

The concentration of an energy level is determined by
height of the ODLTS peak. If the concentration is sm
compared to the free-carrier concentration, the small-sig
approximation is valid and the ODLTS signal is norma
defined as the difference of the capacitance within a
window. However, because the concentration of the do
level in thep-type ZnSe:N is rather large, the small-sign
approximation of conventional ODLTS is invalid. Instead
using the difference of the capacitance, the concentra
should be determined using the difference of the squar
the capacitance as20

ND
15

@C2~ t1!2C2~ t2!#~NA
22ND

1!

C2~`!FexpS 2
t1

t D2expS 2
t2

t D G , ~3!

whereC2(t1)2C2(t2) is the height of the ODLTS peak de
fined by the difference of the square of the capacitanct
5(t12t2)/ln(t1 /t2), i.e., the reciprocal value of the rate win
dow, NA

22ND
1 the net acceptor concentration that can

determined byC-V measurements, andC2(`) the steady-
state dark capacitance.

III. EXPERIMENTAL DETAILS

A. Sample preparation

Samples used for this study were prepared by molecu
beam epitaxy on~100!-orientedp1-GaAs substrates. N dop
ing of ZnSe epitaxial layers was performed using a hig
power radio-frequency plasma source.21 The thickness of the
ZnSe layer was about 2mm. A Au semitransparent electrod
with a diameter of 1 mm and a thickness of 200 Å w
prepared by thermal evaporation on top of the ZnSe surf
The In at the back side of the GaAs substrates that glued
substrates onto a substrate holder during the growth pro
acted as an Ohmic contact top1-GaAs substrates.

B. Experimental procedures

The basic technique used in the experiment was cap
tance spectroscopy. In order to determine the net acce
concentrationNA

22ND
1 in ZnSe:N,C-V measurements wer

carried out at frequencies from 10 kHz to 1 MHz using
Hewlett-Packard~HP! 4275 capacitance meter. The capa
tance transients in the ODLTS, optical isothermal capa
tance transient spectroscopy~OICTS!, PCTS, and DLTS
measurements were recorded using a HP 4280C-t meter.
The thermal activation energy and the concentration of
donor level were estimated by ODLTS and OICTS. The
two measurements were carried out using a HeCd laser
through a mechanical shutter that produced light pulses w
a pulse width of 30 s. The energy locationEC2ED of the
donor level was also determined by the comparison of
photocurrent spectrum, which gives the band-gap energyEg
and PCTS, which gives the energy gap between the vale
band and the donor levelED2EV . The light source used in
the photocurrent and PCTS measurements was a 12
n-
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halogen lamp through a monochromator. The photocurr
was measured at steady state using a HP 4140B pA m
The PCTS measurements were carried out using monoc
matic light through the mechanical shutter to produce pul
with a pulse width of 5 s. DLTS measurements were carr
out under dark condition to determine the concentration
hole traps. The width of the voltage pulse was 30 s and
height was21 V. The bias was 1 V.

IV. RESULTS AND DISCUSSION

A. C-V characteristics

TheC-V curves recorded at 293 K are shown in Fig. 1~a!.
The capacitance was measured between the Au electrode
the In Ohmic contact. The band diagram of the sample
shown in Fig. 1~b!. There are two depletion layers in th
sample: One is that of the Au/ZnSe:N Schottky barrier at
surface and the other one is that of ap-ZnSe/p1-GaAs het-
erojunction at the interface of the ZnSe epilayer and
GaAs substrate. The measured capacitance is the tota
pacitance of the Au/ZnSe:N Schottky barrier and t
p-ZnSe/p1-GaAs heterojunction.

TheC-V curves consists of two regions: One is the regi
at positive voltages and the other is the region at nega
voltages. At the positive voltage region, the Au/p-ZnSe
Schottky barrier is reverse biased and its capacitance
creases with the increase of the positive voltage. TheNA

2

2ND
1 can be evaluated from the slope of the 1/C2-V curve.

FIG. 1. ~a! Frequency correlatedC-V curves of the
Au/p-ZnSe/p1-GaAs sample at room temperature. The curve
beled as the low-frequency limit is the fitted result from the equi
lent circuit in Fig. 2. The positive voltage denotes the reverse b
of the Au/p-ZnSe Schottky barrier and the forward bias of t
p-ZnSe/p1-GaAs heterojunction.~b! Energy-band diagram for the
sample at zero bias.
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Since the substrate is highly conductive, the depletion la
of the heterojunction mainly extends to the ZnSe layer. Th
at the negative voltage region, the capacitance of the het
junction decreases when the negative voltage increases
results in the decrease of the measured capacitance.

The measured capacitance at low frequency is larger
that at the same voltage at high frequency. One poss
reason is that the effective area of the heterojunction va
with the frequency. We have fitted the frequency correlat
of the capacitance with an equivalent circuit as shown in F
2~a!.22 The calculated capacitance-frequency curves at v
ous voltages are shown in Fig. 2~b!. In the calculation, the
diameter of the Schottky barrier was set to 1 mm, equa
the diameter of the Au electrode of the sample. The are
the heterojunction was assumed to be infinite and was s
rated to numerous unit areas. The resistanceRZnSe( i ) ( i
51,2,...,n) is due to the resistivity of the ZnSe:N layer co
nected with each branch of the circuit. The resistivity w
derived to be about 2V cm from the fitting. It was found tha
the devotion ofCHJ( i ) ( i 51,2,...,n) in Fig. 2~a!, which rep-
resents the capacitance of the heterojunction not located
rectly beneath the Au electrode, to the total capacitance
creases as the frequency increases. This indicates tha
effective area of the heterojunction decreases with the
crease of the frequency. Thus the total capacitance decre
with the increase of the frequency. On the other hand, w
the frequency is lower than about 1 kHz, the measured
pacitance approaches that of the Schottky barrier.

FIG. 2. ~a! Equivalent circuit of the Au/p-ZnSe/p1-GaAs
sample. ~b! Fitting of the capacitance-frequency curve of t
present sample together with experimental data at various volt
using the equivalent circuit.
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The accuracy of theNA
22ND

1 determined by theC-V
curve depends on the frequency. At low frequency, a m
accurateNA

22ND
1 is expected because the measured cap

tance approaches the capacitance of the Schottky bar
However, the experiment was limited by theC-V meter to
10 kHz. In order to extrapolate theC-V curve to the low-
frequency limit, the capacitance-frequency fitting was carr
out at various voltages and the capacitance at the l
frequency limit was determined for each voltage. Thus
C-V curve at the low-frequency limit was obtained and w
plotted with the experimental results in Fig. 1~a! for com-
parison. TheNA

22ND
1 value was determined from this curv

to be about 631017 cm23. On the other hand,NA
22ND

1 es-
timated from the 1-MHz curve was about 331017 cm23 and
that from the 10-kHz curve was about 5.631017 cm23. It can
be seen that there is considerable error whenNA

22ND
1 is

simply estimated from high-frequencyC-V curves.
Another possible reason for the frequency correlation

the capacitance is that the deep levels exist in the deple
layer of the heterojunction and/or Schottky barrier, which
as trap centers for free carriers.23 This should be considere
with care when majority carrier traps exist. In general, t
concentration of trapped carriers measured at high freque
becomes higher than that measured at low frequency bec
the thermal release time of carriers from the trap levels
comes longer than that of cycle of the applied ac voltage
the apparent concentration of trapped carriers increase
high frequency. The high concentration of trapped carri
reduces the space-charge density of the depletion layer
then the capacitance. This effect depends on the conce
tion of the deep levels and will be investigated by the e
mation of the concentration of the deep levels with DLTS

B. ODLTS measurements

The ODLTS spectra are shown in Fig. 3. A positive pe
around 100 K is clearly observed. The ODLTS signal here
the difference of the square of the capacitanceC2(t1)
2C2(t2) at two fixed sampling timest1 and t2 (t1,t2).
The positive signal indicates a decrease in capacitance
turning off the light, suggesting the decrease of the spa
charge density. Since the sample isp type and the space
charge is negative, the decrease of the negative space ch
is due to the thermal emission of electrons in the deplet
layer. Thus the most possible origin of the peak is an el
tron trap in the depletion layer.

The ODLTS measurements were carried out under v
ous voltages. The same peak was detected under all o
voltages, but different behaviors were observed. Under p
tive voltage, the position shifts to lower temperature and
height of the peak becomes larger, while under negative v
age the position shifts to higher temperature and the he
becomes smaller. The position shift of the peak is most lik
due to the electric-field enhancement of the thermal emiss
process known as the Poole-Frenkel effect.24 Under the posi-
tive voltage the Schottky barrier is reverse biased and
electric field in the depletion region is stronger. The therm
emission of the trapped electrons is accelerated by the e
tric field, thus the peak of the ODLTS spectrum shifts to lo
temperature. On the other hand, under the negative vol
the Schottky barrier is forward biased and the electric fi

es
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becomes weaker; the thermal emission is less accelerate
the electric field and thus the peak is located at higher t
perature. The thermal activation energy of the level sho
be derived under the condition that is less influenced by
electric field. Under the positive voltage, the capacitance
the heterojunction becomes larger and thus the measure
pacitance mainly depend on the capacitance of the Scho
barrier and the height of the ODLTS peak becomes larg
The concentration of the donor level was estimated at 1
since the ODLTS peak presents a maximum height at 1

Accordingly, with the experimental results obtained
far, it can be concluded that the positive peak in the ODL
spectra originates from the thermal emissions of electr
from the donor level in the ZnSe:N of the Schottky barri
The thermal activation energy of the donor level was de
mined by an Arrhenius plot to be around 5665 meV under
the condition that the Schottky barrier is forward biased a
the thermal emission is less influenced by the electric fie
We have systematically studied the temperature depend
of PL, photocurrent, and PCTS, which suggest that the
served 56-meV level is well correlated with the N-relat
donor level responsible for DAP emission.

The concentration of the donor level was estimated fr
the ODLTS spectrum measured at 1 V. The concentra
was calculated to be 2.231017 cm23 directly from the height
of the ODLTS peak using Eq.~3!. However, since theC-t
meter used in the ODLTS measurements works at a fi
frequency of 1 MHz, as discovered by multifrequencyC-V
measurements, the measured capacitance at high freque
smaller than the capacitance of the Schottky barrier. Fig
2~b! shows that the capacitance measured at 1 V using 1
MHz is about 50% of the capacitance at low-frequency lim
Thus the height of the ODLTS peakC2(t1)2C2(t2) mea-
sured at 1 MHz can be assumed to be about 25% of the v
if the measurements were carried out at the low-freque
limit. However, this does not affect the determinedND

1 be-

FIG. 3. ODLTS spectra of the Au/p-ZnSe/p1-GaAs sample
measured under various voltages. The light source was a 10
HeCd laser light. The light pulse width was 5 s. The rate wind
was 13.86 s21.
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cause the value ofC2(`) in Eq. ~3! measured at 1 MHz is
also assumed to be 25% of the value at low-frequency lim

C. OICTS measurements

Since the concentration of the donor levels estimated
ODLTS measurements is the concentration of the electr
trapped on the donor levels in the excitation procedure,
accuracy of this result depends on whether the donor le
are saturated with electrons in this procedure. In order
investigate this factor, OICTS measurements were car
out with various light intensity. The pulse light is the same
that in ODLTS measurements. The temperature was sele
at 80 K, where the OICTS peak correlating with the ODLT
peak is well observed. The normalized light intens
changed from 531024 to 1. The OICTS spectra are show
in Fig. 4~a! and the height of the OICTS peaks plotte
against the normalized light intensity is shown in Fig. 4~b!.
As shown, the peak height increases quickly with the
crease of the light intensity when the intensity is smaller th
about 0.1, but increases slowly when the intensity is lar
than about 0.2. This indicates that most of the donor lev
were filled with electrons when the light intensity was s
lected to 1. Since the ODLTS measurements were carried
at this condition, the concentration of the donor levels e
mated by ODLTS spectra approximates the actual value

W

FIG. 4. ~a! OICTS spectra of the present sample measured
various intensities of the laser light.~b! OICTS peak height vs
normalized intensity of the laser light showing the saturation
electrons on the donor levels under the excitation of the laser l
with high intensity.
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D. Photocurrent and PCTS measurements

The activation energy determined by ODLTS is throu
the thermal emission process of the trapped electrons.
comparison, the energy location of the donor level was a
determined through the photoexcitation process, i.e., s
tracting the energy gap between the valence band and
donor level from the band gapEg .

The band-gap energyEg can be determined from the re
flectance spectrum as shown in Fig. 5. The dip correspon
to the absorption of free exciton was clearly observed at
eV, thusEg can be determined by adding the binding ene
of 21 meV to the peak position.25 However, the free-exciton
absorption peak was detected only below a temperature o
K. On the other hand, the photocurrent spectrum measure
zero bias shows a clear step at the same energy of the
exciton absorption. When the photon energy is larger t
this value, the current due to fundamental absorption in
Schottky barrier flows towards the substrate. Thus the ba
gap energy can be determined by adding 21 meV to
energy where the step of the photocurrent occurs. The sim
photocurrent spectrum was obtained until room tempera
and gave band-gap energies at various temperatures.

The energy gap between the valence band and the d
level can be determined by the threshold energy
photocapacitance.26 When the photon energy is larger tha
the threshold energy, the transition of electrons from the
lence band to the donor level is possible and the capacita
increases due to the trapping of electrons on the donor lev
We have tried photocapacitance measurements, but the s
tra were not well resolved. Therefore, PCTS measurem
were carried out in order to find the threshold photon ene
for the transition of electrons from the valence band to
donor level. Different from photocapacitance, the capa
tance transient was measured after a pulse light is turned
instead of measuring the steady-state capacitance durin
lumination. A set of capacitance transients correlating w
photon energy were obtained as shown in Fig. 6~a!, in which
the capacitance transients at various sampling times afte
light pulse are plotted against photon energy.

If one analyzes the capacitance transients correlatin
photon energy, one can see that the capacitance transie

FIG. 5. Reflectance and photocurrent spectra at 49 K. The
flectance shows a free-exciton absorption at 2.8 eV. The ste
photocurrent at 2.8 eV correlates with free-exciton absorption.
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the photon energy around 2.71–2.74 eV decreases faster
those at other photon energies. When the photon ene
matches with the threshold energy to cause the transitio
electrons from the valence band to the donor level, the fill
of electrons to the donor level dominates the photoexcita
process and thus the thermal emission of electrons from
donor level dominates the capacitance transient after
light pulse. The time constant of the capacitance transien
the photon energy around 2.71–2.74 eV is about 0.4 s, w
the time constant at the photon energy below and above
region is larger than 3 s. The differential capacitance at t
sampling times 0.2 and 0.8 s is plotted against photon ene
as shown in Fig. 6~b!. The differential capacitance at 2.71
2.74 eV is much larger than that at low photon energi
indicating that the thermal emission of electrons from t
donor level dominates the capacitance transient at 2.71–
eV. Thus it is possible to determineED2EV to be about
2.725 eV.

The photocurrent measurements were carried out at
same temperatures as PCTS. The results are shown in
6~b!. The photocurrent shows a step at a threshold pho
energy of 2.745 eV, which indicates the absorption of fr
excitons. The band gapEg can be estimated to be 2.74

e-
of

FIG. 6. PCTS and photocurrent results at 120 K.~a! Capacitance
transient plotted against photon energy at sampling times from 0
to 12.8 s after the photoexcitation with a monochromatic lig
pulse.~b! Plot of the differential capacitance of 0.2 and 0.8 s sho
ing a well-resolved peak that helps to determine the exact pho
energy that incurs the transition of electrons from the valence b
to the donor level. The photocurrent gives a band-gap energyEg .
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10.021'2.766 eV. The energy location of the donor lev
can be derived by the comparison of the photocurrent
PCTS results to beEC2ED'2.76622.725'0.041 eV,
which agrees with the results of ODLTS fairly well.

E. DLTS measurements

In the ODLTS spectra, a negative peak, which denote
hole trap, was observed within a temperature range 240–
K. The activation energy of thermal emission process w
evaluated by an Arrhenius plot to be 0.5460.03 eV. In order
to determine the concentration of this hole trap, DLTS m
surements were carried out on the same sample. The s
trum is shown in Fig. 7 together with the ODLTS spectru
The peak of the same hole trap was observed. The s
value of activation energy was obtained by an Arrhen
plot. Using an electrical filling pulse, the hole trap leve
located above the Fermi level are entirely filled with hole
thus the concentration of the trap can be obtained from
height of the peak. The concentration of the hole trap w
estimated by Eq.~3! to be 231016 cm23. Thus the ratio of
NT /(NA

22ND
1) can be determined to be 331022.

The capture process of the hole trap was studied by
thermal capacitance transient spectroscopy measurem
where the hole filling pulse width varies from 0.01 to 30
Within a temperature range from 242 to 272 K, the capt
cross section varies from 9.8310227 to 2.2310225 cm2. The
capture cross section can be expressed by an Arrhenius
pression s51310217 exp(20.39 eV/kT). The capture
cross section can be evaluated to bes`51310217 cm2. The
presence of a potential barrier of about 0.39 eV for the c
rier capture process indicates that large lattice relaxatio
induced in the hole capture emission processes.

This hole trap was also detected inp-type ZnSe:N by
DLTS in our previous work.27 Hu et al.have reported a simi
lar level with an activation energy of 0.51 eV, as shown

FIG. 7. DLTS spectrum of the present sample measured in
same range of temperature together with the ODLTS spectrum
comparison. The height of the electrical filling pulse in the DLT
measurements was21 V and the pulse width was 30 s. Th
ODLTS spectrum was taken from the same measurement of
spectrum under 0-V voltage in Fig. 3. The rate window was
lected to 3.47 s21 in order to show the peak of the hole trap com
pletely.
l
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Table I,8 and have correlated this level with N doping
ZnSe. Although the concentration evaluated in the pres
study is higher than that in Ref. 8, noticing that theNA

2

2ND
1 of the sample used in this study is also higher, t

NT /(NA
22ND

1) is just slightly larger than that in Ref. 8. Thi
is consistent with the suggestion that this level is related w
N doping. On the other hand, since the concentration of
hole trap is much smaller thanNA

22ND
1 , it is not likely the

dominant reason for the frequency correlation of theC-V
curves in Fig. 1~a!.

F. Compensation by the 56-meV donor level

As demonstrated above, the 56-meV level was detec
by observing the thermal emissions of the trapped electr
from this level into the conduction band with ODLTS me
surements. The increase of negative charge in the deple
layer by the trapping of electrons was confirmed by the
larity of the ODLTS signal. This result indicates that th
level correlates with the conduction band and that the leve
a donor level. It is suggested that this donor level is clos
related to that responsible for DAP emission.

The energy position of this level was also determined
PCTS measurements. The activation energy determined
ODLTS measurements includes the potential barriers for
rier capture process. However, the PCTS measurement
timate the energy position of the level by observing the p
toexcitation of electrons from the valence band to the le
without the influence of the barrier. Thus, from the diffe
ence of the results of the two kinds of measurements,
potential barrier height can be estimated. The fact that
two results are very close indicates that the potential bar
is negligible.

The concentration of the donor levelND
1 was estimated

from the ODLTS spectra to be about 2.231017 cm23. The
net acceptor concentrationNA

22ND
1 was determined byC-V

measurements to be 631017 cm23. The acceptor concentra
tion NA

2 can be determined to be 8.231017 cm23. The con-
centration of a hole trap was estimated from dark DL
spectra to be 231016 cm23. Thus the detected donor leve
occupies about 2.231017/(2.23101718.23101712
31016)'37% of the detected levels related with doped
atoms. Secondary ion mass spectroscopy measurem
showed that the incorporated N atomic concentration wa
31018 cm23, consistent with the sum of the concentratio
of the donor level, the acceptor level, and the hole trap. T
suggests that the incorporated N mainly forms the th
kinds of levels and the 56 meV donor level is the domina
compensating level.

V. SUMMARY

A donor level with a thermal activation energy of 5
65 meV in the band gap ofp-type ZnSe:N was studied usin
ODLTS and OICTS. The concentration of this level was e
timated to be about 2.231017 cm23 in the sample withNA

2

2ND
15631017 cm23, indicating that at about 21% of th

doped N atoms are involved in the formation of this dono
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level. A hole trap with the thermal activation energy
0.5460.03 eV was also detected with a concentration
about 231016 cm23 estimated by dark DLTS, which is muc
smaller than the concentration of the donor level. The do
level has been considered to play the main role in the c
pensation process in N-doped ZnSe due to the high con
tration.
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