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Abstract The admittance versus frequency of a hydro-
genated amorphous silicon metal oxide semiconductor
capacitor is measured at a ®xed bias in inversion and for
temperatures in the range of 20±50 °C. The data are
®tted to theoretical capacitance and conductance curves
where the time constant of inversion is the result of the
®t. In turn, the time constant can be converted to the
(minority) carrier lifetime so that a lifetime value for
each measurement temperature is available. The con-
version from the time constant to the minority carrier
lifetime requires the knowledge of the temperature-de-
pendent intrinsic carrier density or rather its activation
energy. The criterion for the correct choice is a tem-
perature-independent carrier lifetime. Three published
room temperature values of the intrinsic carrier density
have been tested. The carrier lifetime activation energy is
Ea = 0.70 � 0.03 eV.
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Introduction

Published data on the intrinsic carrier density

Many material parameters known for decades for
monocrystalline silicon are still controversially discus-
sed in the case of hydrogenated amorphous silicon (a-
Si:H). A typical example is the intrinsic carrier density,
ni. A ®rst a-Si:H room temperature value had been

derived when introducing the equivalent state densities
Nc = Nv = 2 ´ 1020 cm)3 [1, 2] and activation ener-
gies of Ea = 0.65 eV [1] and 0.77 eV [2] into the usual
Fermi statistics expression ni = Ö(NcNv) exp()Ea/kh),
where h is the temperature. The discrepancy in the
activation energy was removed later by an improved
value Ea = 0.86 eV and densities Nc = Nv =
1 ´ 1020 cm)3 [3] so that ni = 2.(58) ´ 10)5 cm)3 was
deduced. Other authors report ni = 1 ´ 107 cm)3 [4],
and 4.3 ´ 108 cm)3 [5], so that a span of more than
three orders of magnitude is observed. This fact justi-
®es a closer examination of the intrinsic carrier density.

The metal oxide semiconductor structure
as used for measuring semiconductor properties

As an appropriate tool we have chosen a metal oxide
semiconductor (MOS) structure with a-Si as the semi-
conductor. We measure the capacitance and the con-
ductance as a function of frequency while the applied
inversion bias is kept constant. Typical results of such a
dispersion measurement are a step-like curve for the
capacitance C and a bell-shaped curve for the (fre-
quency normalized) conductance G/f. ( f being the fre-
quency). It has been shown [6±8] that the frequency f *
for which the step of C or the bell maximum of G/f
occur bears information on the lifetime, s, of the semi-
conductor. The relaxation time as the time constant of
inversion

T � 1=2p f � �1�
is related to the carrier lifetime s by:

T=s � ND=ni �2�
where ND is the (donor) doping level. Equation 2 is the
well-known Zerbst relaxation time constant originally
deduced for the large pulse biases. It is also valid for the
above small signal case.

When the temperature h is increased, ni will follow a
law derived from Fermi statistics here written in the
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form:

ni � ni0 exp�ÿEa=kh� �3�
(For monocrystalline silicon ni0 is identi®ed with

�����������
NcNv

p
,

where Nc and Nv are the conduction and valence band
state densities, and Ea with half of the bandgap energy).
Since ND and ± to a ®rst order approximation ± s are
independent of h, the temperature dependence of T is an
inverse measure of that of ni.

MOS evaluation for defect-rich substrates

Equation 2, however, is true only in the case of mono-
crystalline silicon or, rather, for a material with a defect
concentration low compared to the doping level. Below
we will brie¯y repeat the generalization of Eq. 2 for
defect-rich materials such as a-Si:H. A second general-
ization is required for the calculation of the C(2pfT) and
G(2pfT)/(2pfT) versus. 2pfT curves. It turns out that the
measured curves are broader than predicted by simple
Debye theory.

Experimental

A specially designed MOS structure (Fig. 1) has been
used. It consists of an n-type monocrystalline silicon
wafer of high doping concentration. The wafer is ther-
mally oxidized and covered with nominally undoped
a-Si:H (in fact the a-Si is of n)-type with a doping level
of ND = 7 ´ 109 cm)3). Phosphorus is added to the si-
lane at the end of the deposition process to provide a
good ohmic contact to the metal evaporated on top of
the n2+-a-Si:H. A mesa Al/a-Si:H structure is obtained
after photolithography and dry etching. For details of
the process parameters we refer to [8, 9], which also
include a collection of the resulting electrical data.

The capacitance, C, and conductance, G, versus fre-
quency, f, at a ®xed inversion bias have been measured
on this device. An example for these measurements is
given in Fig. 2a and b. The step in C and the bell in
G/2pf are clearly visible (for technical reasons the low
frequency portions of the curves are not complete, an
e�ect which is caused by the inaccuracy of the bridge in

this regime). The transition frequency moves towards
higher values with increasing temperature, as expected
from Eq. 2.

Theory

Debye relaxation of the a-Si MOS admittance
in inversion

In a ®rst approach the relaxation time constant T can be
extracted from these measurements according to [6, 7] by
means of:

C
Cox
� 1� �Cmin=Cox��xT �2

1� �xT �2 �4�

G
xCox

� xT �1ÿ Cmin=Cox�
1� �xT �2 �5�

where x = 2pf, Cox is the oxide capacitance, and Cmin

the minimum capacitance in a high frequency C-V
measurement. In [8] it has been shown that the scaling
factor ND/ni between T and s, Eq. 2, must be generalized
for the case of trap-rich material:

T
s
� �Qsc� � us�Cax�=q

Bni
�6�

Qsc� is the space charge increment (total charge, QT,
minus inversion charge, QI) in the a-Si layer, when the

Fig. 1 Cross section of the a-Si MOS structure. ND+ = 1019 cm)3,
ND) = 7 ´ 109 cm)3, da-Si=0.65 lm, qc-Si <0.015 W cm. The
manufacturing process is given in [9]

Fig. 2 a Measured (circles, square) and calculated (Eq. 8; hairline)
dispersion for C; Clf is the result of a slow ramp capacitance
measurement. b Measured dispersion for G/2p f
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inversion surface potential is increased by usc�. Bni is the
charge increment of the minority carriers, where B is a
factor correcting for the lifetime ratio sn/sp and the ®nite
a-Si layer width. An important contribution to Qsc� is
the trap charge in the bulk states. Their distribution is
assumed to be Nb = Nb0 cosh (ws/wc) in agreement with
[4, 8] (ws is the surface potential in volts, wc a slope
parameter, wc = 0.1 eV in this work, [10]). Let us add
for the following considerations that the calculation of
T/s requires the knowledge of ni and its temperature
dependency.

Equation 6 is the result of a charge redistribution
analysis for two neighboring surface potentials and
Shockley-Read-Hall statistics [6, 8]. Thus, if the right-
hand side scaling factor of Eq. 6 is known from nu-
merical calculations [8] and T is known from ®tting Eq.
4 or 5 to the measured data, one could obtain the life-
time s. We have observed, however, that in many cases
the measured dispersion curves are broader than ex-
pected from the above theory. Figure. 3a and b deliver a
comparison of measured data with the predictions of
Eqs. 4 and 5. Thus we now introduce statistical ¯uctu-
ations as a broadening mechanism and apply the re-
sulting dispersion to the measured data.

The dispersion model

In the following we take up an earlier concept of
Nicollian and GoÈ tzberger [11]. They measured the con-
ductance caused by MOS surface states and found a

much broader dispersion than expected. Their generally
accepted explanation was a statistically distributed sur-
face potential, which is also assumed in our case. Such a
distribution might have several physical origins: locally
varying oxide charges, oxide thicknesses, doping levels,
bulk and surface state densities, etc. We will summarize
all these e�ects in a common statistical description. Now
we assume the total MOS dot area to be subdivided into
su�ciently small subareas, each of them being small
enough to ensure a constant surface potential within this
subarea. It might be assumed that the resulting u¢ is
Poisson distributed around the mean value us induced by
the applied voltage and ± owing to the large number of
subareas and the large number of charges residing per
subarea ± that the Poisson distribution specializes into
the Gaussian distribution described by a standard de-
viation r:

p�u0� � 1

r
������
2p
p exp�ÿ�u0 ÿ us�2=2r2�

so that

C
Cox
� 1

r
������
2p
p

Z1
ÿ1

1� �xs T �u0�=s�2�Cmin=Cox�
1� �xsT �u0�=s�2

� exp�ÿ�u0 ÿ us�2=2r�du
0

�8�

and

C
xCox

� 1

r
������
2p
p

Z1
ÿ1

1� �xs T �u0�=s��1ÿ Cmin=Cox�
1� �xsT �u0�=s�2

� exp�ÿ�u0 ÿ us�2=2r�du
0

�9�

In the derivation of Eqs. 8 and 9 it has been tacitly
assumed that T is a function of u¢ (otherwise no curve
broadening would be seen). This assumption has been
checked by a numerical calculation of the right side of
Eq. 3. For each temperature the ®nite element method
(FEM) of [8] is applied for a series of surface potentials
so that a data set for T/s versus u¢ is generated.
Nb0 = 9 ´ 1016 V)1cm)3 and wc = 0.1 V, required for
the calculations were known from [10].

Fig. 3 a Experimental C( f ) curve (circles) and theoretical C( f )
curve according to Eq. 4. b Experimental G( f )/2pf curve (circles)
and theoretical G( f )/2pf curve according to Eq. 5

Fig. 4 T/s versus us for the sample of Fig. 1. Temperatures are 20,
30, 40, and 50 °C, the trap density Nb0 = 9 ´ 1016 V)1cm)3, and
the activation energy Ea = 0.70 eV
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A typical result is seen in Fig. 4. The shape of these
curves strongly depends on the assumed values of ni and
even more on the bulk state densities. T/s versus u¢ is
inserted in Eqs. 8 and 9. C and G should be calculated
for a frequency range which contains the transition from
low frequency behavior to high frequency behavior of
the MOS capacitance. For the numerical calculation it is
thus preferable to avoid x as the frequency variable for
C(x) and G(x)/x but rather to transform (xsT(u¢)/s) of
Eqs. 8 and 9 to the expression

xT �us� T �u0�=s
T �us�=s

where us stands for the surface potential induced by the
measurement bias, Va. The right side fraction roughly
varies between 0.01 and 100. Thus if xT(us) is chosen as
the ``frequency'' variable, it will always show full dis-
persion of C and G/x in the range of, say, 0.001 and
1000.

us is given by the choice of the applied voltage. For a
given surface potential the numerical solution of Pois-
son's equation [8] delivers the surface ®eld of the semi-
conductor. From the continuity of the displacement
density D we can calculate the oxide voltage Vox and
subsequently the externally applied voltage Va. The
search for the correct us (yielding Va = )10 V) is done
with an interpolation routine. There is virtually no
contribution of ®xed oxide charges to the total voltage.
This has been demonstrated [10]. In addition, we do not
expect any dependency of the dispersion on the inversion
bias if the latter is large enough.

Results

In Fig. 5a and b we have redrawn the 30 °C capacitance
and frequency normalized conductance measurements of
Fig. 2a and b. In the same ®gure we have inserted the
result of a ®t according to Eqs. 8 and 9. The surface
potential was )47.89 for Va = )10 V; T(u¢)/s was taken
from Fig. 4. Guess values ni0 = 8.(37) cm)3 and
Ea = 0.70 eV have been used resulting in ni = 1.88 ´
107 cm)3. The standard deviation turned out to be
r = 6.

It should be pointed out that several sharp criteria for
the validity of the ®t are given:

1. The same r must describe both admittance compo-
nents, capacitance and conductance.

2. The same time constant must be found for the two
components. For the ®tting procedure this means
that the same vertical shift Df (along the frequency)
axis must apply when looking for coincidence of the
calculated capacitances and conductances with the
measured ones.

3. In contrast to the conductance method for surface
state density determination, there is no vertical shift
allowed which would shift the theoretical into the

measured G/xCox curves. This means that especially
the G/xCox maxima from theory and experiment
must coincide (the last criterion permits a reliable
determination of r and f*). Except for low frequen-
cies, where the measurement bridge becomes inaccu-
rate, the coincidences are good.

From this ®t we have all the necessary information to
deduce the lifetime which is s = 1.67 ´ 10)13 s.

With the same guess values ni0 = 8.(37) cm)3 and
Ea = 0.70 eV the above procedure has been repeated
for the other temperatures (20, 40, and 50 °C) so that a
complete set of s(h) is available.

Of course, we expect a temperature-independent s.
The way to reach this goal is the correct choice of the
guess values in the ®t. According to Eq. 3 two unknown
parameters, ni0 and Ea, are required to cover the full
temperature range. On the other hand, two pieces of
information are available: the room temperature (say
23 °C) ni of one of [3±5] and the independence of s on h
at least in the temperature range 20±50 °C. Thus for a
set of Ea, 0.9 eV ³ 3 Ea ³ 3 0.6 eV, we have calculated
the resulting ni0 values based on the ni(23 °C) value from
one of the [3±5]. This also yields the ni values for 20, 30,
40, and 50 °C. Subsequently the s values have been de-
duced after ®tting for each temperature. A typical result
is one of the curves of Fig. 6, where the obtained s versus
1000/kh have been plotted. In this case, Ea = 0.70 eV

Fig. 5 a Theoretical (full line) and measured capacitance (circles,
square); h = 30 °C, standard deviation r = 6. b Theoretical (full
line) and measured frequency normalized conductance (circles);
h = 30 °C, standard deviation r = 6
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had been chosen. The standard deviation Ds of the data
points from the horizontal average has been recorded.
After repeating this procedure for the entire Ea set, a
curve of Ds/s versus Ea is generated for each of the 23 °C
ni values (Fig. 7). These curves exhibit a minimum at
0.70 eV. For higher or lower Ea the s versus 1000/kh
curves show negative or positive slopes. Thus we con-
clude that an activation energy of Ea = 0.70 � 0.03 eV
is valid. The resulting data are compiled in Table 1.

Finally, we present the dependency of ni on (inverse)
temperature for the three starting ni values (Fig. 8). The
above activation energy of 0.70 eV has been assumed.

Discussion

In the case of a monocrystalline semiconductor, theory
predicts that the activation energy of ni is identical to
half of the bandgap energy while ni itself is given by

�����������
NcNv

p
exp()Ea/kh). Though it is questionable whether

this concept can be transferred in full to amorphous
silicon, it is worthwhile comparing our data with the
commonly accepted parameters of a-Si. Our activation
energy (0.70 eV) is smaller than half of the (optically
measured) bandgap, EG. From a Tauc plot we have
deduced EG = 1.8 eV or slightly below. Most of the
discrepancy is explained by the potential ¯uctuations. A
comprehensive survey on their e�ects has been given by
Overhof and Thomas [12]. They derive an expression for
doped amorphous material, which gives a potential
¯uctuation of 0.2 eV (a trap density of 1016 V)1 cm)3 is
assumed). They also point out that there exist other
sources of potential ¯uctuations. No de®nite ®gure is
given for these e�ects. from our measurements, however,
we are able to extract the value of the potential ¯uctu-
ation: from the ®t of Fig. 5, a potential ¯uctuation (=r)
of 6 was found which is equivalent to r kh/q � 0.16 eV
for 30 °C. This ®gure is almost identical to the above
theoretical value of Overhof and Thomas. For any lo-
cation in the amorphous layer and any energy position,
E*, between the valence and conduction band, the en-
ergy distance between E* and the valence band, EV, will
vary between (E*)EV) � 0.16 eV. The analog relation
holds for the conduction band. Thus there will be
combinations for which E* sees an e�ective band gap of
EG ) (2 ´ 0.16) eV. We assume that for generation re-
combination the carriers are supplied from the lowest
edge of the conduction band and the highest edge of the
valence band. Half of the above value, i.e. 0.74 eV, is
already very close to our measured activation energy,
0.70 eV.

On the base of the above measurements solely, no
unambiguous decision can be made in favor of one of
the starting ni values. However, we tend to exclude the ni
of [3] as a starting parameter for three reasons:

Fig. 6 Lifetime s versus inverse temperature 1000/kh

Fig. 7 Normalized standard deviation Ds/s versus activation
energy Ea

Table 1 Comparison of experimental and literature data

Ref. ni [cm
)3]

(23 °C)(ref)
Ea (eV)
(ref)

Ea (eV)
(exp)

Nc, Nv (cm
)3)

(ref)
ni0 (cm

)3)
(exp)

s(s)
(exp)

3 2.58 ´ 105 0.86 0.70 1 ´ 1020 2.16 ´ 1017 5.24 ´ 10)15

4 1 ´ 107 0.70 1.24 ´ 1019 1.59 ´ 10)13

5 4.3 ´ 108 0.70 3.60 ´ 1020 6.41 ´ 10)12

Fig. 8 Intrinsic carrier ni density versus. inverse temperature 1000/kh
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1. A lifetime value of 5 ´ 10)15 s is extremely small even
for the heavily disturbed a-Si structure. The data of
di�usion length and mobility in [13] hint at a mini-
mum lifetime in the picosecond range.

2. The same is true if the concept of ni0 =
�����������
NcNv

p
is

adopted. A value
�����������
NcNv

p
= 2.2 ´ 1017 cm)3 appears

to be very low.
3. The calculated Clf curve (not shown) based on

ni = 2.58 ´ 105 cm)3 would require a negative oxide
charge density of Qox = 3.4 ´ 1011 cm)2 to be ®tted
to the experimental curve. However, negative charges
have never been observed in a thermal oxide.

Comparing the results based on the starting values of
[4] and [5] we slightly favor the room temperature ni of
[4]: it has been the result of a ®t to experimental thin
®lm transistor (TFT) data. The 107 cm)3 value is
especially able to explain the measured o� conductance
of a TFT. This condition is much more stringent than the
weaker test for agreement of theoretical and measured
C-cV curves solely used in [5].

Conclusion

Admittance measurements of an a-Si:H MOS diode as
function of frequency and temperature have been per-
formed. The results are presented in terms of three dif-
ferent published values of intrinsic carrier concentration
ni. All three values indicate an activation energy of
0.70 eV. The smallest ni value of 2 ´ 105 cm)3 can be
probably ruled out.
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