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Compensating levels ip-type ZnSe:N were studied by optical deep-level transient spectrosGipyTS).
A donor level was detected electrically. The activation energy of the donor level was determined to be 56
+5 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.
[S0163-182698)06839-9

[. INTRODUCTION An energy level in the band gap can influence the conduc-
tivity of the semiconductor by affecting carrier concentra-
Although N produced in a plasma source is by far the bestions in the conduction or valence bands and can also influ-
dopant in the production gi-type ZnSe' the net acceptor ence the capacitance of the Schottky contagt-ar junction
concentration is limited tdN, —Nj;=1x10® cm 3 due to by affecting the space charge density in the depletion layers.
compensation despite the fact that more that® &> N Electrical methods that measure conductivity, admittance,
atoms can be incorporated into the matefidhere were a capacitance, etc., are capable of detecting these effects and
number of reports on optical studies on the compensatiothus are necessary to obtain more information such as the
process in ZnSe:N. Haukssart al® and Simpsoret al*  concentration, capture cross section, and energy position.
observed two sets of donor-acceptor-p@AP) transitions  There have been a number of studies on deep levgsyipe
with zero phonon lines at 2.696 and 2.678 eV using photoZnSe:N based on electrical methods, however, mostly for
luminescencegPL) and suggested the existence of shallowdeep hole trap&:*2Only a few have reported deep electron
donors with a binding energy of 26 meV, which is close totraps. Tanaka, Zhu, and Yeabhave found a deep electron
that of hydrogenic donors and N-related deep donors with &ap associated with N doping with an activation energy of
binding energy of 44 meV. Typically, the shallow donors 0.36 eV below the conduction bandmtype ZnSe co-doped
appear whem, — N7 <1x 107 cm™3 and even in undoped Wwith Cl and N. Luet al.** have detected an electron trap with
ZnSe, while the deep donors appear whigg —Nj>1 an activation energy of 50 meV in highly compensated
X 10 cm™2. These facts suggest that the shallow donors arénSe:N by using photoinduced admittance spectroscopy.
attributed to unintentionally doped impurities, while the deepHowever, no information about the concentration of the level
ones to N-associated donors. Murdihal® observed opti- has been reported.
cally detected magnetic resonance from the deep donors and The energy levels detected so far are shown in Table I.
they claimed that the anisotropic resonance was consisteithough a number of electron trapgslonor level$ have
with the defect-related deep donor that they proposed to corbbeen reported, their concentrations still remain unclear. On
sist of a Se vacancy dna N substituting at a Se site. Zhu the other hand, although the concentrations of the hole traps
et al® determined the deep donor levels to betBmeV by  were evaluated, none of them seem to dominate the compen-
measuring the temperature dependence of the PL spectrsation process due to the loWN;/(Nao—Np) in heavily
Since most of these studies were carried out by optical methldoped ZnSe:N. Thus the compensation process has been dis-
ods based on the transition between the N-related donor levelissed only on a qualitative level and the dominant compen-
and the N-related acceptor level or the valence band, it isating levels have not been clarified on the basis of their
difficult to characterize the compensating centers in detaitoncentrations. In order to study the compensation process
other than the energy position. on a guantitative level, the concentration of every level lo-
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TABLE |. Reported energy levels and their concentrations in ZnSe:N. The energy pdsjtienotes the activation energy of the carrier
emission process in the case of deep levlls.denotes the concentration of the levdlN] denotes the concentration of incorporated N
atoms.

E; (eV) [N] (cm™3) Ny (cm™3) Na—Np (cm™3) N7/(Ny—Np) N1 /[N] Reference
Ec—0.026 1x 10V 3
Ec—0.044 1.5¢10Y 3
Ec—0.050 14
Ec—0.055 2x10Y 6
Ec—0.056 2.410'% 9x 10Y 6x 10V 1.5 3.7x10? present study
Ec—0.36 147 8x 1018 13
Ey+0.22 (0.2-3.0)x 10" 1x 10 (0.2-3.0x10°3 8
Ey+0.46 7x 108 5.1x10'° 1.4x10°?2 10
Ey+0.51 (2-8)x 10" 1x10Y (2-8)x10°2 8
E,+0.63 (2—-8)x 10" 1x10Y (2-8)x 1073 8
Ey+0.64 4.9<10% 5x 107 9.8x10° 3 12
Ey+0.67 1x 10 5.1x10% 1.9x1071 10
Ey+0.67 3x 108 1x10% 1.2x10'® 8x1074 3.3x1074 9
Ey+0.72 (1-2) 10" 8x 101 (1.2-2.5x1072 7
Ey+0.79 4.6<10% 4x10Y 1.1x10°? 11
E,+0.85 5x 106 13
ANp—N,.

cated in the band gap has to be measured. This is especiallye level with electrons in the excitation procedure. For this
important for the N-related deep donor in ZnSe:N, which hagpurpose, a 325-nm HeCd laser was used as a light source.
been discussed but with the concentration still not clear. I'When this above-gap light is directed into a ZnSe layer, fun-
this paper the concentrations of the donor level and a holdamental absorption takes place and electrons are excited
trap were estimated using optical deep-level transient spedrom the valence band to the conduction band. The funda-
troscopy (ODLTS) and deep-level transient spectroscopymental absorption is much stronger than the absorption be-
(DLTS), respectively. The energy position of the donor leveltween energy levels and the bands, thus the capture of pho-
was confirmed by photocapacitance transient spectroscopggenerated carriers is much stronger than the excitation of
(PCTS and photocurrent measurements. A quantitative disearriers between the level and the bands, Mg vy p
cussion of the compensation process in ZnSe:N is also pre>e$ and Apopv,>ep,'® and thuse) and e are negli-

n:
sented. gible. As a result, Eq(l) reduces to

Il. PRINCIPLE OF MEASUREMENTS
AnO’nUthyn

In ODLTS measurements, light pulses are used for exci- f 2
tation and capacitance transient is recorded after the excita-
tion. In the excitation procedure, carrier transition happens

between possible states. T.he.occupation of carriers ona Iev‘f"qe occupation is mainly dependent on the free-carrier con-
is a combined effect of emission and capture of carriers. The

electron occupancy of an energy level in a depletion Iayef:entration. Because the sample is highly doped, the depletion
during the light puise can be expressedSby ayer of the Schottky barrier is very thin, which is estimated

to be about 410 A wheh, —Nj=6x10 cm™3. The ab-
sorption coefficient is calculated fromx~2.0x 10*(hv
f eyt Ancupnate, L —Eg)* to be about 2.x10* cm™~." The strength of the
eg+eg+Ananvth,n+Apo'pvth,p'i_e:f'—e:g, @D jaser light is strong enough to enter ZnSe to about 1/
=4600 A, thus the laser light can enter the bulk ZnSe
o s on - . o through the depletion layer and electron-hole pairs are also
wheree, (e;) is the optical emission rate of holéelec-  generated in the bulk. The electron-hole pairs generated
trons, e, (e;) the thermal emission rate of holdslec-  within a diffusion length adjacent to the depletion layer dif-
trons, Ap (An) the concentration of free holdslectrong  fuse towards the depletion layer. The electrons drift through
in the depletion layer including photogenerated carriersthe depletion layer, while the holes are repelled by the po-
ap (o) the capture cross section of holedectrong, and  tential barrier. Thus the total electron concentration drifting
Uihp (Uin,n) the thermal velocity of holegelectrons. into the depletion layer is much higher than that of the holes,
At low temperature, thermal emission is much smallerj.e., An>Ap, andf approximates 18 This means that both
than the optical emission, i.ee;<eg ande;<e?, thus etp donors and acceptors in the depletion layer tends to capture
ande}, are negligible. In order to determine the concentratiorelectrons, i.e., donors capture electrons to be neutralized,
of the donor level imp-type ZnSe, it is necessary to saturate while acceptors remain ionized. If most of the donor levels
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are occupied by electrons, it is possible to estimate the con-  1600~—————————T T T T "
centration of the donor level from the peak height of the [ Low frequency limit

ODLTS spectrunt? 1400F (@)

The concentration of an energy level is determined by the [ ]
height of the ODLTS peak. If the concentration is small & 1200k 1
compared to the free-carrier concentration, the small-signal 7/ L 10 KHz T=293K
approximation is valid and the ODLTS signal is normally e [ /_\ ]
defined as the difference of the capacitance within a rate < 1000 20 kHz ]
window. However, because the concentration of the donor & : ]

level in thep-type ZnSe:N is rather large, the small-signal sook *° Khz

F)

CE

CAPA

approximation of conventional ODLTS is invalid. Instead of [ 100 KHz

using the difference of the capacitance, the concentration 200 KHZ/\ _
should be determined using the difference of the square of ~ *° T‘}‘ﬁ,ﬁf“& ]
L y4 4

o

the capacitance &%

I I I B T
. [CHt)—C*t)I(NA—Np) VOLTAGE (V)
Np= & ] (€©))
2 ) exd =2 b
C4(o0) exr{ 7_) exp( T” ( )
EC
whereC?(t,) — C?(t,) is the height of the ODLTS peak de- Erm .
fined by the difference of the square of the capacitance e
=(t;—t,)/In(t; /ty), i.e., the reciprocal value of the rate win- v
dow, N, —NJ the net acceptor concentration that can be Au p-ZnSe p+-GaAs
determined byC-V measurements, an@?(x) the steady-
state dark capacitance. FIG. 1. (a Frequency correlatedC-V curves of the

Au/p-ZnSep*-GaAs sample at room temperature. The curve la-

beled as the low-frequency limit is the fitted result from the equiva-

lll. EXPERIMENTAL DETAILS lent circuit in Fig. 2. The positive voltage denotes the reverse bias
A. Sample preparation of the Au/p-ZnSe Schottky barrier and the forward bias of the

) -ZnSep™-GaAs heterojunction(b) Energy-band diagram for the
Samples used for this study were prepared by molecuIaugamlole lgt zero bias. : "b) o g
beam epitaxy ori100)-orientedp ™ -GaAs substrates. N dop-

ing of ZnSe epitaxial layers was performed using a highy,510gen lamp through a monochromator. The photocurrent
power radio-frequency plasma SOU?&,@-he thickness of the 55 measured at steady state using a HP 4140B pA meter.
ZnSe layer was about Zm. A Au semitransparent electrode 1o pcTS measurements were carried out using monochro-
with a diameter of 1 mm and a thickness of 200 A wasaic light through the mechanical shutter to produce pulses
prepared by thermal evaporation on top of the ZnSe surfaCeih a pulse width of 5 s. DLTS measurements were carried
The In at the back side of the GaAs substrates that glued thg,; ynder dark condition to determine the concentration of

substrates onto a substrate holder during the growth proceggo traps. The width of the voltage pulse was 30 s and the
acted as an Ohmic contact po -GaAs substrates. height was—1 V. The bias was 1 V.

B. Experimental procedures IV. RESULTS AND DISCUSSION

The basic technique used in the experiment was capaci-
tance spectroscopy. In order to determine the net acceptor
concentratioN, —Np in ZnSe:N,C-V measurements were ~ TheC-V curves recorded at 293 K are shown in Fi¢a)1
carried out at frequencies from 10 kHz to 1 MHz using aThe capacitance was measured between the Au electrode and
Hewlett-PackardHP) 4275 capacitance meter. The capaci-the In Ohmic contact. The band diagram of the sample is
tance transients in the ODLTS, optical isothermal capacishown in Fig. 1b). There are two depletion layers in the
tance transient spectroscog@ICTS), PCTS, and DLTS sample: One is that of the Au/ZnSe:N Schottky barrier at the
measurements were recorded using a HP 4280 meter.  Surface and the other one is that op&ZnSep " -GaAs het-
The thermal activation energy and the concentration of th&€rojunction at the interface of the ZnSe epilayer and the
donor level were estimated by ODLTS and OICTS. Thes€GaAs substrate. The measured capacitance is the total ca-
two measurements were carried out using a HeCd laser ligtRacitance of the Au/ZnSe:N Schottky barrier and the
through a mechanical shutter that produced light pulses wit-ZnSep *-GaAs heterojunction.
a pulse width of 30 s. The energy locati@iz — Ep of the TheC-V curves consists of two regions: One is the region
donor level was also determined by the comparison of thét positive voltages and the other is the region at negative
photocurrent spectrum, which gives the band-gap engggy Voltages. At the positive voltage region, the fuZnSe
and PCTS, which gives the energy gap between the valendechottky barrier is reverse biased and its capacitance de-
band and the donor lev@l,—E,,. The light source used in creases with the increase of the positive voltage. Wae
the photocurrent and PCTS measurements was a 125-WNJ can be evaluated from the slope of th€3/V curve.

A. C-V characteristics
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The accuracy of theN, —Nj determined by theC-V
curve depends on the frequency. At low frequency, a more
(a) Ces R - _ N7t ;
—l-_ 8 accurateN, —Np is expected because the measured capaci-
) tance approaches the capacitance of the Schottky barrier.
However, the experiment was limited by tkkeV meter to
10 kHz. In order to extrapolate th@-V curve to the low-
R,,,(0) frequency limit, the capacitance-frequency fitting was carried

T_ out at various voltages and the capacitance at the low-
frequency limit was determined for each voltage. Thus the
C-V curve at the low-frequency limit was obtained and was
plotted with the experimental results in Figal for com-
parison. TheN, —NJ value was determined from this curve
1600 —— to be about & 10'” cm™3. On the other hand\, —NJ es-

: Experimental data 1 timated from the 1-MHz curve was aboux30'’ cm 3 and
that from the 10-kHz curve was about %&0" cm3. It can
be seen that there is considerable error whep—Nj is
simply estimated from high-frequendy-V curves.

Another possible reason for the frequency correlation of
the capacitance is that the deep levels exist in the depletion
layer of the heterojunction and/or Schottky barrier, which act
as trap centers for free carriérsThis should be considered
with care when majority carrier traps exist. In general, the
concentration of trapped carriers measured at high frequency
becomes higher than that measured at low frequency because

. rEEE—— T E——— the thermal release time of carriers from the trap levels be-
10 10 10 10 10 10 .
FREQUENCY (Hz) comes longer than that o_f cycle of the applleq ac yoltage and
the apparent concentration of trapped carriers increases at

FIG. 2. (a) Equivalent circuit of the Aus-znSep*-Gaas high frequency. The high concentration of trapped carriers
sample. (b) Fitting of the capacitance-frequency curve of the reduces the space-charge density of the depletion layer and

present sample together with experimental data at various voltagdben the capacitance. This effect depends on the concentra-
using the equivalent circuit. tion of the deep levels and will be investigated by the esti-

mation of the concentration of the deep levels with DLTS.
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Since the substrate is highly conductive, the depletion layer
of the heterojunction mainly extends to the ZnSe layer. Thus, B. ODLTS measurements

at the negative voltage region, the capacitance of the hetero- The ODLTS spectra are shown in Fig. 3. A positive peak
junction decreases when the negative voltage increases aagound 100 K is clearly observed. The ODLTS signal here is
results in the decrease of the measured capacitance. the difference of the square of the capacitar@&t;)

The measured capacitance at low frequency is larger thar C?(t,) at two fixed sampling times$; andt, (t;<t,).
that at the same voltage at high frequency. One possibl€he positive signal indicates a decrease in capacitance after
reason is that the effective area of the heterojunction varieturning off the light, suggesting the decrease of the space-
with the frequency. We have fitted the frequency correlatiorcharge density. Since the samplepstype and the space
of the capacitance with an equivalent circuit as shown in Figcharge is negative, the decrease of the negative space charge
2(a).?? The calculated capacitance-frequency curves at variis due to the thermal emission of electrons in the depletion
ous voltages are shown in Fig(k. In the calculation, the layer. Thus the most possible origin of the peak is an elec-
diameter of the Schottky barrier was set to 1 mm, equal tdron trap in the depletion layer.
the diameter of the Au electrode of the sample. The area of The ODLTS measurements were carried out under vari-
the heterojunction was assumed to be infinite and was sepaus voltages. The same peak was detected under all of the
rated to numerous unit areas. The resistaRggs{i) (i voltages, but different behaviors were observed. Under posi-
=1,2,...n) is due to the resistivity of the ZnSe:N layer con- tive voltage, the position shifts to lower temperature and the
nected with each branch of the circuit. The resistivity washeight of the peak becomes larger, while under negative volt-
derived to be about 2 cm from the fitting. It was found that age the position shifts to higher temperature and the height
the devotion ofC,(i) (i=1,2,...n) in Fig. 2(a), which rep- becomes smaller. The position shift of the peak is most likely
resents the capacitance of the heterojunction not located dilue to the electric-field enhancement of the thermal emission
rectly beneath the Au electrode, to the total capacitance deprocess known as the Poole-Frenkel effédiinder the posi-
creases as the frequency increases. This indicates that ttiee voltage the Schottky barrier is reverse biased and the
effective area of the heterojunction decreases with the inelectric field in the depletion region is stronger. The thermal
crease of the frequency. Thus the total capacitance decreasamission of the trapped electrons is accelerated by the elec-
with the increase of the frequency. On the other hand, whetric field, thus the peak of the ODLTS spectrum shifts to low
the frequency is lower than about 1 kHz, the measured caemperature. On the other hand, under the negative voltage
pacitance approaches that of the Schottky barrier. the Schottky barrier is forward biased and the electric field
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FIG. 3. ODLTS spectra of the ApfZnSep*-GaAs sample = Temperature = 80 K
measured under various voltages. The light source was a 10-mW & Full scale output power
HeCd laser light. The light pulse width was 5 s. The rate window % 1L of the laser =10 mW |
=1
was 13.86 57, X Pulse width = 5 s
o
becomes weaker; the thermal emission is less accelerated by
. . . . 1 n n 1 n 1 n 1 1 n 1 1 I " 1 1 n n A
the electric field and thus the peak is located at higher tem- 00 0.2 0.4 0.6 0.8 1
perature. The thermal activation energy of the level should NORMALIZED LIGHT INTENSITY

be derived under the condition that is less influenced by the
electric field. Under the positive voltage, the capacitance of FIG. 4. (a) OICTS spectra of the present sample measured at
the heterojunction becomes larger and thus the measured oaious intensities of the laser lightb) OICTS peak height vs
pacitance mainly depend on the capacitance of the Schottkyormalized intensity of the laser light showing the saturation of
barrier and the height of the ODLTS peak becomes larger€lectrons on the donor levels under the excitation of the laser light
The concentration of the donor level was estimated at 1 \with high intensity.
since the ODLTS peak presents a maximum height at 1 V.

Accordingly, with the experimental results obtained socause the value df?(x) in Eq. (3) measured at 1 MHz is

far, it can be concluded that the positive peak in the ODLTSalso assumed to be 25% of the value at low-frequency limit.
spectra originates from the thermal emissions of electrons

from the donor level in the ZnSe:N of the Schottky barrier.
The thermal activation energy of the donor level was deter- C. OICTS measurements
mined by an Arrhenius plot to be around56 meV under Since the concentration of the donor levels estimated by
the condition that the Schottky barrier is forward biased andDDLTS measurements is the concentration of the electrons
the thermal emission is less influenced by the electric fieldtrapped on the donor levels in the excitation procedure, the
We have systematically studied the temperature dependeng@curacy of this result depends on whether the donor levels
of PL, photocurrent, and PCTS, which suggest that the obare saturated with electrons in this procedure. In order to
served 56-meV level is well correlated with the N-relatedinvestigate this factor, OICTS measurements were carried
donor level responsible for DAP emission. out with various light intensity. The pulse light is the same as
The concentration of the donor level was estimated fronthat in ODLTS measurements. The temperature was selected
the ODLTS spectrum measured at 1 V. The concentratiomt 80 K, where the OICTS peak correlating with the ODLTS
was calculated to be 2210 cm ™ directly from the height peak is well observed. The normalized light intensity
of the ODLTS peak using Eq3). However, since th€-t  changed from %10 “ to 1. The OICTS spectra are shown
meter used in the ODLTS measurements works at a fixeth Fig. 4(a) and the height of the OICTS peaks plotted
frequency of 1 MHz, as discovered by multifrequer@y¥  against the normalized light intensity is shown in Figh)4
measurements, the measured capacitance at high frequencydis shown, the peak height increases quickly with the in-
smaller than the capacitance of the Schottky barrier. Figurerease of the light intensity when the intensity is smaller than
2(b) shows that the capacitance measured &/ using 1  about 0.1, but increases slowly when the intensity is larger
MHz is about 50% of the capacitance at low-frequency limit.than about 0.2. This indicates that most of the donor levels
Thus the height of the ODLTS peaR?(t;) —C?3(t,) mea- were filled with electrons when the light intensity was se-
sured at 1 MHz can be assumed to be about 25% of the valuected to 1. Since the ODLTS measurements were carried out
if the measurements were carried out at the low-frequencyt this condition, the concentration of the donor levels esti-
limit. However, this does not affect the determindg be- mated by ODLTS spectra approximates the actual value.
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FIG. 5. Reflectance and photocurrent spectra at 49 K. The re-
flectance shows a free-exciton absorption at 2.8 eV. The step of
photocurrent at 2.8 eV correlates with free-exciton absorption. E

D. Photocurrent and PCTS measurements o

The activation energy determined by ODLTS is through 8’
the thermal emission process of the trapped electrons. Fow&'~
comparison, the energy location of the donor level was alsog
determined through the photoexcitation process, i.e., sub-©
tracting the energy gap between the valence band and the
donor level from the band gaf .

The band-gap energly can be determined from the re-
flectance spectrum as shown in Fig. 5. The dip corresponding PHOTON ENERGY (eV)

to the absorption of free gxciton was plearly opse_rved ar2.8 FIG. 6. PCTS and photocurrent results at 12@adX Capacitance
ev, thUSEg can be determ'r_‘?d by adding the binding e,nergytransient plotted against photon energy at sampling times from 0.05
of 21 meV to the peak positioft.However, the free-exciton 4 158 s after the photoexcitation with a monochromatic light
absorption peak was detected only below a temperature of 70,56 (b) Piot of the differential capacitance of 0.2 and 0.8 s show-
K. On the other hand, the photocurrent spectrum measured gy a well-resolved peak that helps to determine the exact photon
zero bias shows a clear step at the same energy of the fregnergy that incurs the transition of electrons from the valence band

exciton absorption. When the photon energy is larger thafo the donor level. The photocurrent gives a band-gap erggy
this value, the current due to fundamental absorption in the

Schottky barrier flows towards the substrate. Thus the band-
gap energy can be determined by adding 21 meV to théhe photon energy around 2.71-2.74 eV decreases faster than
energy where the step of the photocurrent occurs. The simildhose at other photon energies. When the photon energy
photocurrent spectrum was obtained until room temperaturenatches with the threshold energy to cause the transition of
and gave band-gap energies at various temperatures. electrons from the valence band to the donor level, the filling
The energy gap between the valence band and the donof electrons to the donor level dominates the photoexcitation
level can be determined by the threshold energy ofprocess and thus the thermal emission of electrons from the
photocapacitanc®. When the photon energy is larger than donor level dominates the capacitance transient after the
the threshold energy, the transition of electrons from the valight pulse. The time constant of the capacitance transient at
lence band to the donor level is possible and the capacitandbe photon energy around 2.71-2.74 eV is about 0.4 s, while
increases due to the trapping of electrons on the donor levelthe time constant at the photon energy below and above this
We have tried photocapacitance measurements, but the spaegion is larger than 3 s. The differential capacitance at two
tra were not well resolved. Therefore, PCTS measurementsampling times 0.2 and 0.8 s is plotted against photon energy
were carried out in order to find the threshold photon energys shown in Fig. ). The differential capacitance at 2.71—
for the transition of electrons from the valence band to the2.74 eV is much larger than that at low photon energies,
donor level. Different from photocapacitance, the capaciindicating that the thermal emission of electrons from the
tance transient was measured after a pulse light is turned offonor level dominates the capacitance transient at 2.71-2.74
instead of measuring the steady-state capacitance during &V. Thus it is possible to determing,—E, to be about
lumination. A set of capacitance transients correlating with2.725 eV.

PHOTOCURRENT (10°""A)

L T » N w ©
T pTT I TN YT TrrT YT

PRI BT BN PP S N B
3 2.4 25 2.6 2.7 2.8 2.9

photon energy were obtained as shown in Fig),dn which The photocurrent measurements were carried out at the
the capacitance transients at various sampling times after tteame temperatures as PCTS. The results are shown in Fig.
light pulse are plotted against photon energy. 6(b). The photocurrent shows a step at a threshold photon

If one analyzes the capacitance transients correlating tenergy of 2.745 eV, which indicates the absorption of free
photon energy, one can see that the capacitance transientecitons. The band gaf, can be estimated to be 2.745
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L LA Table 12 and have correlated this level with N doping in
t/t,=0200.4s ZnSe. Although the concentration evaluated in the present
study is higher than that in Ref. 8, noticing that thg
—Np of the sample used in this study is also higher, the
Nt/(N,—Np) is just slightly larger than that in Ref. 8. This
is consistent with the suggestion that this level is related with
N doping. On the other hand, since the concentration of this
hole trap is much smaller thad, —NJ , it is not likely the
dominant reason for the frequency correlation of GV
curves in Fig. 1a).

Dark DLTS

DLTS AND ODLTS SIGNAL

50. - I100I = ‘150. = ‘200I =
TEMPERATURE (K)

AR F. Compensation by the 56-meV donor level
250 300
As demonstrated above, the 56-meV level was detected

by observing the thermal emissions of the trapped electrons
FIG. 7. DLTS spectrum of the present sample measured in th&'om this level into the conduction band with ODLTS mea-
same range of temperature together with the ODLTS spectrum assurements. The increase of negative charge in the depletion
comparison. The height of the electrical filling pulse in the DLTS layer by the trapping of electrons was confirmed by the po-
measurements was-1 V and the pulse width was 30 s. The larity of the ODLTS signal. This result indicates that the
ODLTS spectrum was taken from the same measurement of thevel correlates with the conduction band and that the level is
spectrum under 0-V voltage in Fig. 3. The rate window was seé- donor level. It is suggested that this donor level is closely
lected to 3.47 ' in order to show the peak of the hole trap com- related to that responsible for DAP emission.
pletely. The energy position of this level was also determined by
) PCTS measurements. The activation energy determined by
+0.021~2.766 eV. The energy location of the donor level op| TS measurements includes the potential barriers for car-
can be derived by the comparison of the photocurrent ander capture process. However, the PCTS measurements es-
PCTS results to beEc—Ep~2.766-2.725-0.041 eV,  {imate the energy position of the level by observing the pho-
which agrees with the results of ODLTS fairly well. toexcitation of electrons from the valence band to the level
without the influence of the barrier. Thus, from the differ-
E. DLTS measurements ence of the results of the two kinds of measurements, the

In the ODLTS spectra, a negative peak, which denotes gotential barrier height can bg estimated. The fac.t that the
hole trap, was observed within a temperature range 240—29%/0 res.u'lts are very close indicates that the potential barrier
K. The activation energy of thermal emission process wads negligible.
evaluated by an Arrhenius plot to be 0:58.03 eV. In order The concentration of the donor levil; was estimated
to determine the concentration of this hole trap, DLTS meafrom the ODLTS spectra to be about 2¢20'" cm™3. The
surements were carried out on the same sample. The spewet acceptor concentratiomi, — N7 was determined bg-V
trum is shown in Fig. 7 together with the ODLTS spectrum.measurements to bex6l0'” cm™3. The acceptor concentra-
The peak of the same hole trap was observed. The samin N, can be determined to be &20'7 cm™3. The con-
value of activation energy was obtained by an Arrheniuscentration of a hole trap was estimated from dark DLTS
plot. Using an electrical filling pulse, the hole trap levels spectra to be 2 10'® cm™3. Thus the detected donor level
located above the Fermi level are entirely filled with holes,occupies ~ about ~ 2.210'%/(2.2x 107+ 8.2x 1017+ 2
thus the concentration of the trap can be obtained from thex 10'6)~37% of the detected levels related with doped N
height of the peak. The concentration of the hole trap wagitoms. Secondary ion mass spectroscopy measurements
estimated by Eq(3) to be 2<10'® cm 3. Thus the ratio of showed that the incorporated N atomic concentration was 1
N7/(N5—Ng) can be determined to bex3L0 2. X 10" cm™3, consistent with the sum of the concentrations

The capture process of the hole trap was studied by isosf the donor level, the acceptor level, and the hole trap. This
thermal capacitance transient spectroscopy measuremersigggests that the incorporated N mainly forms the three
where the hole filling pulse width varies from 0.01 to 30 s.kinds of levels and the 56 meV donor level is the dominant
Within a temperature range from 242 to 272 K, the capturecompensating level.
cross section varies from 981027 to 2.2x 10" 2° cn?. The
capture cross section can be expressed by an Arrhenius ex-
pression o=1x10"1" exp(—0.39 eVkT). The capture V. SUMMARY
cross section can be evaluated toshe=1Xx 107 cn?. The
presence of a potential barrier of about 0.39 eV for the car- A donor level with a thermal activation energy of 56
rier capture process indicates that large lattice relaxation is-5 meV in the band gap gFtype ZnSe:N was studied using

induced in the hole capture emission processes. ODLTS and OICTS. The concentration of this level was es-
This hole trap was also detected frtype ZnSe:N by timated to be about 2:210"" cm™2 in the sample wittN,
DLTS in our previous work! Hu et al. have reported a simi- —Np=6x10" cm™3, indicating that at about 21% of the

lar level with an activation energy of 0.51 eV, as shown indoped N atoms are involved in the formation of this donor



PRB 58 COMPENSATING LEVELS INp-TYPE ZnSeN . .. 10 509

level. A hole trap with the thermal activation energy of ACKNOWLEDGMENTS
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