\ AlP e ™ il )/

Lattice relaxed impurity and persistent photoconductivity in nitrogen doped 6HSIC
A. S. Dissanayake and H. X. Jiang

Citation: Applied Physics Letters 61, 2048 (1992); doi: 10.1063/1.108328

View online: http://dx.doi.org/10.1063/1.108328

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/61/17?ver=pdfcov
Published by the AIP Publishing

Instruments for advanced science

Gas Analysis Surface Science Plasma Diagnostics Vacuum Analysis contact Hiden Analytical for further details

3% o . 1IDEN
V”V‘u‘ ' (5 ‘

ANALYTICAL

Tl BT info@hideninc.com

 dynamic measurement of reaction = UHVTPD
gas streams. = SIMS

= catalysis and thermal analysis = end point detection in ion beam etch reaction Kinetic studies = reactive sputter process control HidenAnalvtical

B IOl e = liowoe w elemental i - surface mapping = analysis of neutral "
dissolved species probes. maging S i ailin oG Foo sees moNoMG www.HidenAna ytlca .com
mmm:";ﬂi e CLICK to view our product catalogue %


http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1289713340/x01/AIP-PT/Hiden_APLArticleDL_022614/1640x440_-_23874-BANNER-AD-1640-x-440px_-_USA.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=A.+S.+Dissanayake&option1=author
http://scitation.aip.org/search?value1=H.+X.+Jiang&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.108328
http://scitation.aip.org/content/aip/journal/apl/61/17?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

Lattice relaxed impurity and persistent photoconductivity in nitrogen
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The impurity properties in #-type N doped single crystal 6H-SiC semiconductors have been
studied by conductivity measurements. A slow decay of the dark current and persistent
photoconductivity (PPC) have been observed at low temperatures. Different energy barriers
have been obtained at different conditions. Measured donor binding energy, the electron capture
barrier, and the emission barrier are 34.6+ 1.0, 14.90.3, and 45.6+ 1.2 meV, respectively. Our
results suggest that PPC in SiC has a similar origin as that in Al,Ga,_,As. However the amount
of lattice relaxation in SiC is much smaller compared with that in Al,Ga;_,As. Experimental
results reported in this letter will help to understand the properties of lattice relaxed impurities.
It also explains why different energy levels have been obtained previously by different methods.

Recently, silicon carbide (SiC) semiconductors have
been intensively studied because of their promising appli-
cations which include blue light emitting diode (LED) and
high temperature, high frequency, and high power device
applications. Nitrogen is an important impurity in n-type
SiC. Previous infrared absorption experiments showed that
the nitrogen impurity in SiC has an energy level of 50-90
meV.""? However, Hall measurements on the same impu-
rity yielded an energy level of 15-20 meV.? Other values of
donor level of 34-37 meV have also been reported.* Thus
the N impurity properties in SiC are still not clear.

Persistent ‘photoconductivity (PPC), photoinduced
conductivity that persists after the termination of the pho-
toexcitation, has been observed in II-VI*7 and HI-V310
semiconductors as well as in amorphous materials.!! How-
ever, PPC has never been observed previously in group IV
semiconductors. Several mechanisms have been proposed
to explain the origin of PPC. PPC in Al,Ga;_,As
(x3>0.22) is caused by the DX centers which undergo a
large lattice relaxation (LLR).g According to this model,
at low temperatures, PPC decay is prevented by a large
electron capture barrier. The large Stokes shift between the
optical and the thermal ionization energies can be ex-
plained by LLR. It has been suggested recently that the DX
centers have negative U characters,'? which is supported
by many experiments, but it is still under current debate.

In this letter, we report the observations of PPC and of
the evidence of lattice relaxation in N-doped SiC. The mea-
sured N donor binding energy in SiC is 35 meV, which
agrees with the previous value of 34-37 meV.* The behav-
ior of PPC observed in SiC is similar to that in
Al,Ga,_,As, but the decay time constant and hence the
electron capture barrier are much smaller than those in
Aly;Gag;As. The decay time constant of PPC in SiC is of
the order of a few thousand seconds at low temperatures.
This small decay time constant is the result of a small
capture barrier of 14.9 meV associated with the N impurity
in SiC. This is a sharp contrast with the value of about 160
meV in Aly;GagsAs.!® The results indicate that the
amount of lattice relaxation of N impurity in SiC is much
smaller than that of DX centers in Al,Ga;_,As. The re-
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sults reported here not only can help to understand the
properties of lattice relaxation of impurities, but also pro-
vide an explanation for different energy values obtained by
different experimental methods.

The sample used for this study was a nitrogen doped
6H-SiC single crystal obtained from Cree Research, Inc.
Nitrogen impurity concentration was about 2 X 107 cm ™3,
Contacts were made by depositing two Pd spots on the
sample surface and later annealed at 900 °C for 5 min in Ar
atmosphere.’* Gold leads were attached to the Pd spots
using indium and the distance between two Pd spots was
about 3 mm. The sample was attached to a copper sample
holder, which is inside a closed cycle He refrigerator. A
temperature controller enabled us to stabilize temperature
within 0.1 K. A 1.5 V bias was supplied by a battery. The
sample cooling rate was 6 K per min and slow warmup rate
was 0.2 K per min. The low temperature PPC data were
taken by using a Ne lamp as the photoexcitation light
source. For PPC data, because of the decay of the dark
current, we waited for more than 5 h before turning on the
excitation light source in order to reach the true dark cur-
rent level.

The first thing we observed is the decrease of the dark
current after the sample is being cooled down to a fixed
temperature. The decay of the dark current is very slow
and it takes many hours before reaching equilibrium. Fig-
ure 1 shows the dark current as a function of decay time at
three different temperatures. The dark current is found to
decay exponentially with time at a fixed temperature. The
solid lines in Fig. 1 are the least square fit using

L(t) =1, +1yexp(—t/T), (n

where I,(¢) is the dark current at different time, I is the
dark current at t— «, and 7 is the decay time constant.
From the fit we can get I, the equilibrium dark current at
different temperatures. The slow decay behavior of the
dark current shown in Fig. 1 together with the observation
of PPC discussed later suggests that the N donor in SiC is
not a common effective mass type impurity, but it is most
likely an impurity with lattice relaxation, just as the DX
centers in AlGaAs.
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FIG. 1. Plot of dark current as a function of time at three different
temperatures. The solid lines are the least square fit using I (#)=1,,
+Iyexp(—1t/7).

The solid triangles in Fig. 2 are the plot of In I vs
1/T, where I, at different temperatures are obtained by
fitting experimental data with Eq. (1). Since the variation
of the mobility with temperature is negligible in this tem-
perature range (50 to 150 K),'* what we plotted in Fig. 2
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FIG. 2. Solid traingles are the semilogarithmic plot of equilibrium dark
current I vs 1/T. Solid (open) circles show semilogarithmic plot of
dark current vs 1/T for cooling down (slow warmed up) process. The
linear behavior shows exponential decrease of dark current with temper-
ature at three different experimental conditions. Three different slopes
give donor binding energy, 34.6=+ 1.0 meV, and the electron capture and

emission barriers, 14.9+0.3 and 45.6%1.2 meV, respectively.
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is the relative equilibrium electron concentration in the
conduction band at different temperatures, which depends
only on the donor binding energy even for a lattice relaxed
impurity. As a result, we expect that 7 depends exponen-
tially on temperature. The linear behavior of this plot
shows that I «exp{—AE/kT), where AE is the donor
binding energy or the energy difference between the con-
duction band minimum and the nitrogen impurity level.
AE obtained from Fig. 2 is 34.6+1.0 meV. From the ob-

servations of the dark current decay and PPC, we expect

£¥: + £, +h fForii
that the N impurity in SiC is different from the effective-

mass type impurity. We thus measured the dark current as
a function of temperature by cooling the sample at a rate of
about 6 K per min. The cooling rate is selected so that the
sample has enough time to come to the surrounding tem-
perature. Solid circles in Fig. 2 show the experimental re-
sults. The Arrhenius plot for this condition in Fig. 2 indi-
cated an electron capture barrier of 14.9%+0.3 meV. We
also measured the dark current as a function of tempera-
ture during the warm up process. The open circles in Fig.
2 have been obtained as the sample is being warmed up
slowly from 59 to 150 K at a rate of 0.2 K per min. Again
a linear behavior is obtained with an activation energy level
of 45.6= 1.2 meV. This energy level is corresponding to the
electron thermal emission barrier.

Figure 2 shows that one can obtain different energies
under different experimental conditions, which can be ex-
plained by the lattice relaxation model. Electrons in the
conduction band will be captured by ionized impurities as
the temperature is being decreased. The results of triangles
and solid (or open) circles in Fig. 2 correspond to the
equilibrium and nonequilibrium processes, respectively,
thus different energy levels have been obtained. Therefore,
the measured 14.9 meV during the cooling process is the
electron capture barrier that prevents an immediate cap-
ture of electrons by ionized impurities. During the warm-
up process, the electron concentration in the conduction
band is determined by the emission barrier. The measured
thermal emission barrier energy 45.6+1.2 meV is expected
to be approximately equal to the donor binding energy
34.6+=1.0 meV plus the electron capture barrier energy
14.9+0.3 meV, which is consistent with the experimental
results within the experimental error. The behavior here is
similar to that of the DX centers with lattice relaxation.®
Our experimental results indicate that different- energies
reported previously for N donors in SiC correspond to
these different energy barriers. The energy level of 50-90
meV obtained from infrared absorption experiments may
be corresponding to the optical emission barrier, which is
larger than the electron thermal emission barrier. This in-
dicates that most likely there exists a Stokes shift for ni-
trogen impurities in SiC."

Figure 3 shows the PPC decay characteristics of N
doped SiC at T'=10 K. The solid curve is fitted by the
stretched-exponential function

Ippc(8) =Iy exp[ — (¢/7)F], )

where I,( =89 hA) is the current at time =0, the moment
the excitation light has been terminated, 7 is the decay time
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FIG. 3. The decay of PPC in SiC at temperature T'=10 K. The solid line

is the fit by the stretched-exponential function, Ippc(?) =T exp[— (¢/7)7]. -

The dark current has been subtracted from Jppe.

constant, and B is the decay exponent. The dark current
has been subtracted in Fig. 3. The fitted values are 5=0.22
and 7=3387 s. The results obtained here is no surprise
since PPC decay behaviors in II-VI®7 and III-V'3 semicon-
ductors also follow the stretched-exponential function. The
decay curve clearly shows that the photoconductivity per-
sists even after 2000 s of the termination of excitation light
source. The PPC in N doped SiC is observable at temper-
ature below 150 K. The decay time constant 7 here is much
smaller than those in Aly;Gag,As at low temperatures,'®
which is expected from a smaller capture barrier of 15
meV. In Al ,Ga;_,As, the capture barrier is 160 meV and
the decay time constant at low temperature is of the order
of 10" s.® Our results suggest that PPC in SiC has a
similar origin as that in Al Ga;_,As. However, the origin
of the lattice relaxation in SiC may be different compared
with that in Al,Ga,_,As. The lattice relaxation of N im-
purity in SiC is not due to the alloy effect or the application
of pressure as that in Al Ga;_,As. Here, nitrogen substi-
tute mostly carbon atoms in SiC.'® Because of the compli-
cated structure of 6H-SiC, substitutional nitrogen may oc-
cupy three inequivalent sites for C in 6H-SiC.'®!7 For
example, N can occupy either a cubic or a hexagonal en-
vironment with respect to the adjacent layers. These non-
equivalent positions may cause lattice relaxation after the
impurity substitution. This interpretation is consistent with
the results of the self-consistent pseudopotential calcula-
tions, which reveals the structure relaxation in SiC poly-
types.'® As indicated by Qteish et al.'® that symmetry al-
lows for the existence of inequivalent Si—C bonds which,
in turn, allows for bond-to-bond charge transfer and hence
structure relaxation. The small decay time constant of PPC

(
2050 Appi. Phys. Leti, Yol 81, No. 17, 28 Cotober 1292

and small electron capture barrier in SiC suggest that the
lattice relaxation involved here is small. The results ob-
tained from this material together with the previous results
from III-V semiconductors suggest that lattice relaxation
may be a very common phenomenon in certain types of
semiconductors. .

In summary, properties of N impurities in SiC have
been studied by measuring the conductivity and photocon-
ductivity at different temperatures. We found that the dark
current decays exponentially with time at low tempera-
tures. Low temperature PPC has also been observed for the
first time in group IV semiconductors and the decay time
constant of PPC is of the order of 10* s. N donor binding
energy of 34.6 meV has been obtained from the measure-
ment of the equilibrium dark current as a function of tem-
perature in n-type SiC semiconductors and it agrees with
the published data. Measured electron capture and emis-
sion barriers are 14.9 and 45.6 meV, respectively. The de-
cay behavior of PPC in SiC is similar to those in II-VI and
III-V  semiconductors and follows the stretched-
exponential function. Lattice relaxation of N impurity has
been used to explain the experimental results. However,
the amount of the observed laitice relaxation of the N
impurity is much smaller than that of DX centers in II[-V
semiconductors.
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