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Evidence for the Improved Defect-Pool Model for Gap States in Amorphous Silicon
from Charge DLTS Experiments on Undopeda-Si:H
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Results of the first charge deep level transient spectroscopy (DLTS) measurements on undoped
a-Si:H are presented. The ability of the charge DLTS technique to resolve the gap-state distribution
and to monitor directly its evolution after preequilibrium preparation by bias annealing is demonstrated.
Three groups of gap states with mean energies of 0.63, 0.82, and 1.25 eV are observed. The condition
for their creation as well as the energy values are in a good agreement with'thB°, andD~ states
of the improved defect-pool model. [S0031-9007(97)02393-4]

PACS numbers: 71.55.Jv, 72.80.Ng

The deep level transient spectroscopy (DLTS) is amakes the charge sensitivity independent of the time
powerful method not only for the identification of deep constantr. The Q-DLTS spectrum is sensitive to the
levels in crystalline semiconductors but also for studyingeakage current if the charge integrated due to this
gap states in amorphous silicon [1,2]. The authors give aurrent during measuring time is comparable with the
rigorous analysis of the relationship between the densityransient charge. This parasitic charge, which usually
of gap statesg(E) and DLTS spectra. The analysis increases exponentially with temperature, causes a shift
and the performed experiments show that the DLTSf the base line of the Q-DLTS spectrum. Then, the
spectrum is extremely sensitive to changeg (), and existing peaks are superimposed on such an exponential
raw DLTS data are in a form which is very close to thetail. To prevent this situation, the leakage current of
shape ofg(E). However, the application of the original our diodes under test was reduced via an additional
capacitance method te-Si:H requires a low frequency treatment of theq-Si:H surface before Schottky barrier
(1-100 kHz) capacitance meter instead of the 1-20 MHpreparation. Bombardment of theSi:H surface with
capacitance meter typical of most DLTS systems. AAr atoms of energy of 300 eV for 7 min creates a very
low measurement frequency is necessary to make thiin (=20 nm) semi-insulating layer. This decreases the
dielectric response turn-on temperature low enough tteakage current below0™3 A even at a temperature of
observe the gap states over an appreciable fraction of tf50 K and makes the leakage current negligible in the
gap. In other words, the assumption of the capacitancehole temperature range of measurements. Thus, after
DLTS to be fulfilled, i.e., the relaxation processes ofgold evaporation onto the pretreateeSi:H surface, we
carriers in the gap states within the depletion region ardave obtained metal-insulator-semiconductor- (MIS-) like
monitored through the changes of the depletion regiorstructure. The films of-Si:H with a thickness of um
capacitance. This limits the application of the capacitancevere deposited on™ c¢-Si substrates by glow discharge
DLTS only to dopeda-Si:H. From this point of view, decomposition of undiluted silane at the usual deposition
the current version is preferable, because direct detectioronditions. The bulk Fermi level positiof; of these
of the thermally excited electrons in the form of currentfilms was determined from the activation energy of the
in the external circuit has no such limitation. The dc conductance at the forward bias of Schottky diodes
advantage of using current transients over capacitancgithout the above mentioned treatment of theSi:H
ones is also evident at low temperatures because trmirface. The typical value of the Fermi level position
lowest temperature in the former case is limited onlyreferring to the conduction levél. was 0.69 eV.
by the rate window setting. Nevertheless, the loss of We add a short comment on the time-domain capaci-
signal amplitude with increasing time constantof the  tance measurement. This kind of capacitance, based on
transient, considerable influence of the leakage currerthe feedback charg€-V (capacitance versus voltage)
and higher relative sensitivity to interface states make théechnique published by Mego [4], was used because there
current DLTS of little use. These shortcomings can bes a direct connection to the Q-DLTS. The time-domain
suppressed, and the direct detection of the released chargapacitance is defined as a ratio of the chagg® in-
can be utilized for the investigation of high resistivity tegrated by the charge sensitive amplifier at the point in
semiconductors, e.g., undoped hydrogenated amorphotisme ¢ after the end of the probing puls&l/ and the am-
silicon (a-Si:H). The first shortcoming is successfully plitude of this pulse,
removed by the charge DLTS (Q-DLTS) [3], where the
current transient is integrated, yielding a charge transient. Aq(t) Au(t)Cr
This integration eliminates the ! amplitude loss and Cit) = sU  oU (1)
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where Au(r) and Cr are the output voltage and the 2000
feedback capacitance of the charge amplifier, respectively.
Thurzo and Grendel [5] generalized Mego’'s approach

and found a relation betweefi,(r) and the capacitance 1500 7
C(w) measured usually by a sinusoidal voltage. The (T
shift of the sampling time to longer times corresponds e 1000 i
to lower frequencies and vice versa. For the definiton ©O

of low and high frequency capacitances, the ratio
is crucial, wherer represents the time constant of a 500
particular relaxation process in the sample.

In this paper we report the changes in the gap-state dis-
tribution due to different defect chemical potentials at the
equilibration temperaturd™ = 490 K observed by the
Q-DLTS. As a matter of fact, our Q-DLTS measure- Bias voltage (V)
ments fO.HOW the experiment su_ggested by Winer [G]FIG. 1. Capacitance versus voltage dependences of a Schottky
to test his defect-pool model which was further devel-parrier on undoped:-Si:H, where top gold electrodes were
oped by Powel and Deane [7]. The main conclusiorevaporated after the bombardment @fSi:H surface by Ar
of this model lies in resolving the apparent contradic-atoms. The parameter of the curves is the bias voltage
tion between electron-spin resonance data, which requirg. applied df“””g thfe sample a””ea“”%.;t the eq”.:!'bbf'“m
a positive cprrelation ?nerw , and equilibri_um gap-state E?;Tﬁ&ﬁgﬁg 8f 32%(}; ch{;tleo&mm to create different equilibrium
spectra, which show ~ in n-type a-Si:H to lie belowD?
in undopeda-Si:H, as might be expected for negatite-
defects with fixed defect energies. The idea of the experi- )
ment is to shift the Fermi level of an equilibrateeSi:H ~ @-Si:H layer throughU,,. Let us focus on spectrum 1 in
film in a MIS sandwich by a bias voltage, and to moni- Fig- 2, measured after the annealinglgf, = —2 V. At
tor the resulting change in the defect distribution as thdirst glance, we can recognize three peaks in the spec-
film re-equilibrates. Since the defect chemical potentiaffum, positioned at 320, 390, and 430 K. When the
depends on the Fermi energy, such a shift of the Fermfample is annealed at,, = —6 V and +2V before
level at the equilibration temperature should change th&'éasurement, the Q-DLTS spectra are dominated by
proportions among the concentration of the componentB®aks at 320 K (spectrum 2) and 430 K (spectrum 3),
D*, D°, andD~ of the density of states [7]. In the fol- respectively. Actllvatlon energies 'of these two distinct
lowing we present the results of our observation of thes®€aks, as determined from respective Arrhenius plots, are
changes through the direct detection of thermally release@-63 €V for the peak at 320 K and 1.25 eV for the peak
charges from these states below the equilibrium temperdt 430 K. According to the defect-pool model, the shift
ture. The time-domain capacitance versus bias voltage
curves of the sample under investigation at a temperature
of 450 K is shown in Fig. 1. We can recognize the typi-
cal features of a MIS structure capacitance on-gpe
semiconductor. At the forward bias the curve reaches the
accumulation capacitance of 1800 pF while under the re- _
verse bias the capacitance decreases to 60 pF. The for- %_
mer value corresponds to the 22 nm thick semi-insulating =
layer created during the Ar bombardment, and the lat- %’
ter capacitance corresponds to the width of th&i:H
layer. A more detailed comment on both the observed
hysteresis and the particul@-V curves in Fig. 1 will
be given after the discussion of Q-DLTS spectra. The
main results of the Q-DLTS experiments are summarized 0
in Fig. 2. All the spectra were obtained with the same 250 300 350 400 450
measurement parameters: bias voltage= —3 V, exci-
tation pulseAU = +3 V, and rate windows0 s™!. The Temperature (K)
spectra differ only in the respective bias voltaggs,  FIG. 2. The Q-DLTS spectra of the undopeéSi:H annealed
applied during the sample annealing at a temperature % different U,, and equilibrium temperature of 490 K for

. o min. The spectra were measured with = —3 V bias
490 K for 10 min to reach an equilibrium state. The SPECyoitage, pulses to 0 V and rate windowf s |. The energies

tra reflect changes of the defect distribution in undopeaf the defect states at the peak maxima 2 and 3 are 0.63 and
a-Si:H due to shifting the Fermi level of an equilibrated 1.25 eV, respectively.
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of the Fermi level with the applied bid$,, changes the voltage. In our case, in undopedSi:H there is no shal-
defect potential and creates a condition for a new equiliblow dopant level supplying the semiconductor with free
rium distribution of the density of states. It means that thecarriers. Such carriers are available only from the conduc-
bias annealing a/,, = —6 V and+2 V at the equilibra- tance band tail, and the density of states and therefore the
tion temperature fulfills conditions for the creation®f  shapes of th€-V curves are determined by these carriers.
and D~ components, respectively. Therefore, we iden-As was found in the Q-DLTS measurements, annealing
tify the peak at 320 K withD* and the peak at 430 K at +2 V led to the creation density of states with ener-
with D~ components of the density of states. Agreemengies at about 1.25 eV, which means that the thermal emis-
of the experimentally obtained energies with the expectedion time constant is approximately 1.5 ms at 450 K. The
ones supports our assumption. Considering this, we pesampling timer for the time-domain capacitance measure-
formed an experiment to determine the parameters of theents was set t600 us and represents a demarcation
middle component in spectrum 1. The sample was andelay for thermally emitted carriers to contribute to the
nealed at 490 K witlU,, = +0.5 V for 10 min, and the measured signal. Thus, after depletion of electrons from
measurement was carried outlaf = —0.6 V with exci-  the conductance band tail, the capacitance starts to de-
tation pulses of 0.6 V. The applietl,, suppressed the crease at—2 V toward its minimum value of 60 pF
creation of D" states, and the measurement conditionfcurve 3). A proportional distribution of the density of
did not allow theD ™ states to respond (Fig. 3). The ac- states among the three groups of defects after a bias
tivation energy of this peak determined from an Arrhe-annealing at—2 V is reflected in theC-V curve as a
nius plot is 0.82 eV, again in good agreement with theshift of the capacitance decrease to more negative biases
localization of theD® component in the gap. It should (curve 1). The mean time constants of electrons emit-
be noted that the above mentioned annealing treatmentsd from D", D°, and D~ centers are approximately
are reversible. A further important experimental finding14 us, 500 us, and 1.5 ms, respectively, and the den-
is related to the frequency facteg of the Q-DLTS peak sity of states are able to supply charge carriers up to
maxima which successively increases frénx 10! s7!  the moment when all states with sufficiently short time
for 0.63 eV,3 X 102 s7! for 0.82 eV to2 X 10'° s7!  constants with respect to the sampling timare empty.
for 1.25 eV. According to a recent report [8], this fact The capacitance decrease is shifted to the highest reverse
points to an energy dependence of the frequency factor ihias (curve 2) when the defect states with the mean time
a-Si:H. This kind of dependence is known as the Meyer-constant ofl4 us are dominant. Because of the semi-
Neldel rule and seems to be a significant phenomenon imsulating layer, a generation of free carriers via gap states
a-Si:H [9]. is also present. Itis observed in the form of a capacitance
Now, we propose the following explanation for the shiftincrease with the change of the direction of the sweep-
of the C-V curves after the sample annealing at differenting bias. The rates of the carrier generation for particular
biases. Unlike a standard MIS structure, it is not constates of the sample, as given by the bias annealing, were
nected with the charge trapping at the semiconductor/instcompared in measurements of the time dependence of the
lator interface, which should cause a shift of the flat banccapacitance at a constant bias 66 V. Its gradual in-
crease is connected with the creation of an inversion layer
at thea-Si:H/semi-insulating:-Si:H interface. These de-
pendences are shown in Fig. 4. The changes of the gap
states ofz-Si:H also influence the rate of the inverse layer
200 L J creation in the undoped-Si:H based MIS-like structure.
The fastest generation rate is found in the case when the
) componentD * dominates the defect states. On the other
e hand, the slowest rate characterizes the situation when the
g D~ component is dominant. This is convincing evidence
that the time constant of the carrier generation is deter-
mined primarily by the emission of electrons from the gap
states to the conduction band.
In conclusion, the results of the Q-DLTS measurements
0 ' ' on undopeda-Si:H are presented for the first time.
250 300 350 400 450 We observed three groups of the gap states with mean
Temperature (K) energies of 0.63, 0.82, and 1.25 eV. The conditions for
_ their creation as well as the energy values are in good
FIG. 3. The middle part of the Q-DLTS spectrum 1 from 5qreement with the improved defect-pool model. The new

El(‘lgév%i'nglscosnhd%\cl)nﬁs: Zg%;gp:;ig%ﬂnga aihli\(/).esdvu;wg th%urface treatment before Schottky contact evaporation

490 K for 10 min,U, = —0.6 V, pulses to 0 V, rate window implies further possibilities for Q-DLTS experiments on
of 50 s7!. The energy at the peak maximum is 0.82 eV. undopeda-Si:H. A promising experiment would be the
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FIG. 4. The capacitance of the undopeebi:H based MIS-
like structure annealed at differebt,, as a function of time.
The reverse bias was kept ab V.

monitoring of the density of states after a light soaking

undoped and semi-insulating materials sucha&Se:H,
high purity crystalline silicon, and semi-insulating GaAs.
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