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We have measured the temperature-dependent channel conductivity of a thin film transistor that
employs hydrogenated amorphous silicon (a-Si:H) as the active layer. Two regimes of conductivity
are observed. At temperatures above 100 K the conductivity is thermally activated indicating

transport above the mobility edge E¢ that separates localized from extended states.

From the

activation energy we conclude that the Fermi energy is moved as close as 62 meV towards E¢ for
gate voltages above 100 V. In the low-temperature regime (7' < 50 K) the conductivity is no longer
activated with a single activation energy indicating transport by hopping in the localized band tail
states of a-Si:H. We present calculations of the conductivities in a model where the microscopic
tunneling rates are averaged in order to obtain the energy dependent mobility. The agreement of
these calculations with the data is considerably improved when a localization length of the band
tail states is adopted that increases inversely with the square root of their energy below Ec.

I. INTRODUCTION

Mott showed that hopping of electrons between lo-
calized states in disordered systems gives a conductiv-
ity that depends on temperature, according to o(T)
exp(—T /%), if the Fermi energy lies in a band of lo-
calized states having a constant density of states.! This
law was experimentally confirmed! in many amorphous
semiconductors, having a high density of gap states of
the order of 101® cm™3 eV~!. After the discovery of the
plasma enhanced chemical vapor deposition technique?-3
for the preparation of hydrogenated amorphous silicon
(a-Si:H), the density of states in the center of the gap of
this material was greatly reduced below 10 cm=3 eV 1.
The transport is, therefore, no longer due to hopping at
Ep, but rather due to electrons that are thermally ex-
cited into delocalized states above the conduction-band
edge E¢ (or below the valence-band edge Ey for holes).?

In spite of the low density of midgap states a-Si:H has a
high density of localized states that extends in the form
of exponential band tails from the respective mobility
edges.* Except for heavily phosphorus-doped a-Si:H, the
Fermi energy cannot be moved into these regions such
that hopping dark conductivity can be measured under
steady-state conditions. However, hopping transitions
between localized states in the band tails have to be con-
sidered for transient experiments.’ If such experiments
are performed at low temperatures, transport might be
dominated by hopping in states at the so called trans-
port energy FE., that lies in the band tail. For transient
measurements FE};, in general, also depends on time.

In this paper, we demonstrate that steady-state dark-
conductivity experiments in the active a-Si:H layer of
thin-film transistors (TFT’s) can be performed under
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conditions where the Fermi energy is moved so far into
the conduction-band tail as cannot be realized by dop-
ing. Under these conditions, there is a clear indication
of hopping conduction in band tail states, provided the
Fermi level is closer than 100 meV to Ec. To reach these
conditions, we apply gate voltages higher than normally
used in device applications on account of the disadvan-
tageously large shifts of the threshold voltage and the
danger to destroy the TFT at room temperature.

Our conductivity data are interpreted in terms of an
algorithm developed by Shapiro and Adler to calculate
the temperature-dependent hopping conductivity for ar-
bitrary density of states distributions.® Using that algo-
rithm, we find that the transport path lies in the band tail
at an energy Fi, that is time independent for our steady-
state experiment. In extension of the work of Shapiro
and Adler, we include an energy dependent localization
length of the states involved in the hopping transitions.

This paper is organized as follows. After giving exper-
imental details in Sec. II, we describe the hopping model
used for the calculations in Sec. III. The experimental
results and their comparison with the calculations are
given in Sec. IV and we conclude in Sec. V.

II. EXPERIMENTAL DETAILS
A. Sample

For this study, we have used an a-Si:H thin-film tran-
sistor deposited on Corning 7059 substrates at a depo-
sition temperature of 250 °C. The TFT configuration is
basically the same as in Fig. 3.18 of Ref. 7. The Cr gate
was separated from the channel by a 400 nm thick layer
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of amorphous hydrogenated silicon nitride, a-SiN.:H. For
the active layer, undoped a-Si:H with a thickness of 250
nm was deposited and for the drain and source contacts
n* a-Si:H layers with Cr contacts were deposited on top
of the active layer. Channel length and width were 250
pm and 1 mm, respectively.

For the calculation of the geometry factor relating con-
ductivity with conductance in our device, we need an
estimation of the channel thickness. This is done as fol-
lows. At the TFT junction, there is a band bending
induced by the gate voltage. As a result, not only the
energy difference between the Fermi energy Er and the
conduction-band edge Ec(z), but also the space charge
p(z) and the density of band tail states gni(E,z) de-
pend on the spatial coordinate z, that is the distance to
the silicon-silicon nitride interface. The two-dimensional
charge density in the TFT channel Q.4 is obtained by
integrating p(z) according to

ds; '
Q24 = /O p(z)dz, (1)

where ds; corresponds to a thickness of the a-Si:H layer
that includes the channel. p(z) can be calculated by in-
tegrating the charge residing in band tail states, which is
in the 7=0 approximation,

Efp
p(z) = e / owi(E,z) dE. @)

Substituting Eq. (2) into Eq. (1), we obtain

dsi pEF
Oy = ¢ / / gi(E, z) dE da. 3)
0 — o0

We approximate the band bending of Ec(z) with a step
function,

) Er+AE, exp for 0 <z < deg
Eo(z) ~ { Ecp for = > d.g, (4)

where AFE, .xp is the experimentally observed conductiv-
ity activation energy, d.g is the effective channel thick-
ness that is chosen to give the correct value of Q,4, and
Ec,o is the value of the conduction-band edge far from
the interface. If we use Eq. (4), the contribution to Q,q
is negligible for = > d.g, so that Eq. (3) becomes

Ec—AEFEq exp
Qpa = e / 9ut(E) dEd.g, (5)

— 00

where we have used Eq. (4) to substitute for Fr in the
upper limit of integration. Also, we note that gy (E,z)
and Ec(z) are independent of z over the range of interest,
0 < = < deg, and, therefore, x has been dropped from the
notation. The effective space charge density in the chan-
nel can be calculated from AFE, oxp, using the density of
states defined below in Eq. (16). The two-dimensional
space charge density in the channel also relates to the
voltage applied to the gate corrected for the threshold
voltage and the band bending in the silicon (Ugin, ) ac-
cording to
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_ Ugn, ,
Q24 = p] €0€SiN, » (6)
SiN

Ed

where dgijn, = 400 nm and eg;n,=5.8 are, respectively,
the thickness and dielectric constant of the a-SiN,, layer.
We obtain d.g from Egs. (5) and (6) to lie between 4 nm
and 7 nm, when the gate voltage is varied between 100
V and 30 V.

B. Measurements

Dark-conductivity measurements were carried out in
a He cryostat at temperatures between 12 K and 250
K. The gate voltage U, was varied between 10 V and
120 V. For high gate voltages, we observed a significant
shift of the threshold voltage Uy, of the TFT, due to
field induced charge injection into the gate insulator.®
At the highest gate voltages employed, Uy, was as high
as 30 V. After each measurement, we checked that Uy,
had not changed significantly during the measurement.
We found that threshold voltage shifts, due to high gate
voltages, were larger at higher temperatures. Nickel et
al. reported defect creation in the active a-Si:H layer of
TFT’s, due to high gate voltages.® Because the efficiency
of that process is thermally activated with an activation
energy of 0.7 eV, the defect creation is negligible at low
temperature. Therefore, we applied gate voltages above
10 V at temperatures below 250 K only.

At low temperatures (T' < 50 K), we measured the
I-V characteristics between source-drain current I,4 and
source-drain voltage Usq for fixed Uy. I;q was very small
below an onset Usq of about 9 V and increased linearly
with Usq above that voltage. We attribute this behav-
ior to the nonlinear characteristics of the source and
drain contacts that lie in series with the TFT-channel
resistance. We assign the main contribution to the low-
temperature contact resistance to the intrinsic @-Si:H
layer separating the n* layer and the channel. Nebel
and Street have measured the I-V characteristics of nt-
i-nt structures at low temperatures and found that the
conductivity o shows a strongly nonlinear dependence
on electric field F in the range 1.5 ~ 3 x 10° V/cm
according to a power law [0 «x F¥, (14 < y < 17)].1°
They attributed this behavior to space charge limited
currents. Our observation of an onset source-drain volt-
age is in agreement with their data, since a voltage drop
of 9 V over the two contact regions implies electric fields
of 1.8 x 10° V/cm. As a result of the steep overlinear
decrease of the contact resistance with field, the voltage
drop is rather constant for Uyq > 9 V, since the chan-
nel resistance is Ohmic. Consequently, we use an effec-
tive source-drain voltage U}, = Usq — 9 V, in this paper,
in order to calculate the channel conductivity. We find
that the channel conductivity so calculated is indepen-
dent of the choice of U}, as long as U 2 1 V. The
low-temperature data presented here were measured at
Usa=15 V. Note that the voltage drop over the contact
region was negligible at around room temperature, due
to the higher conductivity of the intrinsic layer.



III. HOPPING MODEL

At high temperatures the conductivity of the TFT
channel is thermally activated, suggesting that electronic
transport is due to electrons thermally excited above the
mobility edge in this case. At low temperatures (T < 50
K) however, the conductivity is no longer thermally acti-
vated and much higher than expected from the activation
energy determined at higher temperatures. We ascribe
the excess low-temperature conductivity to hopping con-
duction and we are going to fit our results to model calcu-
lations that we performed with the algorithm described
by Shapiro and Adler.® This model allows for a calcu-
lation of the temperature-dependent conductivity with
arbitrary density of states distributions. By using this
model, we implicitly ignore the band bending at the TFT
junction and replace the inhomogeneous charge density
distribution by a constant effective space charge density
in the whole channel having an effective thickness d.g.
We, thus, also assume a constant energy difference be-
tween Ec and the Fermi energy that we relate below
to the conductivity activation energy. We expect that
this simplification has only little effect on the calculated
conductivity, since it ignores the contribution of electrons
trapped further away from the TFT junction. These elec-
trons reside in states deeper in the band tail, due to the
band bending, thus giving only a minor contribution to
the conductance as compared to electrons right at the
TFT junction.

The conductivity o(T) is calculated by integration of
the differential conductivity o(E,T) over energy accord-
ing to

o(T) = / (B, T)dE = / egve(E)f(E)u(E)dE, (7)

where e is the electron charge, gpy the density of lo-
calized states in the conduction-band tail of the active
layer material, f(E) = 1/{1 + exp[(E — EF)/kpT]} the
Fermi distribution function, and p(E) the energy and
temperature-dependent hopping mobility. Note that the
quantities f(F) and p(E) implicitly also depend on tem-
perature. The mobility relates to the diffusion constant
D(FE) via Einstein’s equation:

e

w(E) = D(E) g

(8)
Microscopically, the diffusion constant is determined by
the transition rate from an occupied state i to an unoccu-
pied state j that depends on their spatial and energetical
distance according to

R R%; —2R;;
Dij = —g7vs = g voexp (T)

E;, - E;
x{ exp (—-kBT) for E; > E; 9)
1 for Ej < E;.

Here, E; and E; are the energies of the initial and final
state, respectively, R;; is their spatial separation, o the
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localization length of the states involved, and vy the at-
tempt frequency. For v, a range 10'2 s7! < 1y < 103
s~ ! is generally assumed and we are going to use vy =
3 x 102 57! here.

The task of calculating o(F,T) is the averaging of the
D;; over the whole sample volume with E; = E. This
is performed in the model of Shapiro and Adler by using
an average hopping distance R(E) defined in terms of the

concentration of available final states Ny, according to
R(E) = N; /%, (10)

Ny is divided into one part N;i(E) corresponding to
empty states having an energy below E and a fraction
of states Np(FE) having an energy higher than E:

Nf =N1(E)+N2(E). (11)

The argument E indicates that the integral quantities IV;
and N, depend on energy E of the initial states. N;(FE)
is calculated by integration over all unoccupied states
below E:

E
N{(E) = /_ gus(E") [1 — f(E")]dE". (12)

For hops to states with energy E’ above E, the density
of available empty states, gpt(E’), is weighted with the
appropriate Boltzmann factor to account for the number
of phonons necessary to provide the energy E' — E:

o , E-E'\
NZ(E)=/E goe(E') (1 - f(E )]eXP( kpT )dE'
(13)

With the average hopping distance R(E) so obtained, the
diffusion constant D(E) is calculated according to

) v exp [ﬂ@] . (14)

a

p(E) = B

Below, we are going to test two alternatives for the local-
ization length o, namely, an energy independent a and
an a(E) that depends on energy according to

a(E) < (Bc — E)™%5. - (15)

This law was suggested by Abram and Edwards albeit
with an exponent that was —0.6 for shallow states and
—0.5 for deeper states.!! Equation (15) implies that the
localization length is inversely proportional to the square
root of the energy of the state measured from the energy
of the mobility edge Ec. Since D depends exponentially
on a1, it is readily conceivable that this energy depen-
dence considerably influences the energy dependent mo-
bility and hence the conductivity. Thus, we include a(FE)
into the hopping algorithm by replacing Eq. (14) with
—2 —
R éE) Vo exp [ 2R(E)] '

D(E) = a(B)

(14)

In this equation, we use the localization length of the ini-
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tial states at the energy E. This is correct for transitions
to states with energy below E that are more strongly
localized, but is an approximation for hopping transi-
tions to energetically higher final states (i.e., states that
have a larger ). Note, that for transitions between two
states with different o in Eq. (9) the more extended wave
function dominates the transition rate when the hopping
distance is large compared to a.?

For the density of states of the conduction-band tail
gbt, We assume an exponential energy distribution for
energies more than 70 meV below E¢ and a linear distri-
bution above that energy.1®14 The parameters are chosen
so that the derivative of gp¢, with respect to E, is equal at
the transition energy E,, from one regime to the other:

exp (%) for £ < E,,

—0.07eV
exp oo 14

for E > E,,, (16)

gbt(E) = No,c

FE— Em}
Eoc

with Eo c=25 meV, E,, = Ec — 0.07 eV, and No¢c =
8.65x10%! cm~3 eV L. Also, the parameters were chosen
to be consistent with Fig. 6 of Ref. 14, where the density
of states at the mobility edge is gpi(Ec)=2x1021 cm—3
eVl

IV. RESULTS AND DISCUSSION
A. High-temperature regime

The conductivity of our TFT is shown in the high-
temperature regime (100 K< T' < 250 K) in an Arrhenius
plot in Fig. 1 for corrected gate voltages (Uy — Uyy) rang-
ing from 10 V to 90 V. For each gate voltage, the data
are well described in terms of a thermally activated con-
ductivity as is commonly found in device-quality a-Si:H.
This indicates transport above the mobility edge Ec. We
interpret the measured activation energies as the energy
difference between the Fermi energy Er and Ec. We es-
timate that deviations between the measured activation
energy and Ec — Ep, due to a statistical shift of Ep,
are negligible for the temperature range discussed in Sec.
IV B below. The Fermi energy is moved as close as 65
meV towards E¢ for the highest gate voltage employed
in Fig. 1 (Uy; — Uy, = 90 V).

The conductivity prefactors oo (i.e., the conductivity
extrapolated to 1/7T=0) obtained from Fig. 1 are con-
stant (oo & 10 27! cm™1) for Ec — Er <100 meV and
increase only for larger activation energies. Hence, it
appears that the Meyer-Neldel rule,!® i.e., the linear re-
lationship between In(o,) and the activation energy does
not hold for activation energies below 100 meV. This find-
ing is supported by the theory of Overhof and Thomas,”
who attribute the Meyer-Neldel rule to be due to the
statistical shift of Er. They find a minimum and con-

NAGY, HUNDHAUSEN, LEY, BRUNST, AND HOLZENKAMPFER

102

10!

1071
Ug—Utn Ec-Ep

conductivity (2" lem™1)

10-2 L (V) (meV)
o 90 65
5| ~ 80 69
107°F s 70 72
= 60 78
10-¢ L o 50 85
v 40 94
| v 30 110
107 + o 20 139
o 10 238

10—6 1 L L

0 2 4 6 8 10

1000/T (K~ 1)

FIG. 1. Arrhenius plot of the TFT-channel conductivity as
a function of inverse temperature for different gate voltages.
The lines are least square fits of the data to thermally ac-
tivated conductivity. The corresponding activation energies
E¢ — EF are given together with the gate voltages applied to
the gate metal minus the measured threshold voltages.

sequently a weak activation energy dependence of the
conductivity prefactor at around Er — Ec=100 meV.

B. Low-temperature regime

In Fig. 2(a), the conductivities of the TFT are shown
for temperatures between 16 K and 100 K in an Arrhenius
plot with the gate voltage as parameter. Gate voltages
Uy — Uy, between 23 V and 100 V correspond to Fermi
level positions between 128 meV> Ec—Ep > 62 meV, as
determined from the activation energies at higher tem-
peratures (see Fig. 1). It is obvious that the conduc-
tivities are no longer activated with a single activation
energy in that temperature range and that they are con-
siderably larger than the values extrapolated from higher
temperatures. This is especially true for the highest gate
voltages used, i.e., for Er closest to E¢. Also shown in
Fig. 2(a) as lines is the sum of the extrapolated conduc-
tivity for transport in extended states and the contribu-
tion due to hopping: Oext + Onop. For the calculation
of Ohop, we used the theory described in Sec. III, under
the assumption of a constant (i.e., energy independent)
localization length. The only adjustable parameter was
a and it was chosen to be @ = 6.5 A, so as to give the
best agreement with the experimental data for the low-
est temperatures and for the lowest activation energy of
62 meV. Although the general trend of the conductiv-
ity vs gate voltage appears to be reproduced, the fit is
not very good. The hopping theory with a constant «
gives a sharper transition between the transport regime
in extended states and the hopping regime than is exper-
imentally observed.
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In Fig. 2(b), we show a comparison of calculated con-
ductivities with the same set of experimental data as in
Fig. 2(a), but this time using an energy dependent local-
ization length according to Eq. (15) for the theoretical
curves. It is apparent that the experimental data are now
well reproduced by the theory for all gate voltages. Note
that only a single parameter was adjusted to obtain this
agreement for the whole set of data. The relation that
was used for a(FE) to get the fit of Fig. 2(b) is

(17)

a(E) =17 & (EC - E)~

0.8 eV

This «(F) is valid for the choice of gnt given in Eq. (16).
When scaling gpy with a constant factor, we obtain iden-
tical fits as in Fig. 2(b) if a(F) is rescaled so that agé{s

remains unchanged.

C. The differential conductivity

In order to analyze the reason for the better repro-
duction of the experimentally observed conductivity by
the hopping theory when the localization length is as-

10~*
10°°

conductivity (2" lem™1)

10-6
1077

1000/T (K1)

FIG. 2. Arrhenius plot of the TFT-channel conductivity for
different gate voltages. The corrected gate voltages Uy — Uin
and the corresponding high-temperature dark-conductivity
activation energies are given as parameters in the upper and
lower figure, respectively. The same set of experimental data
is shown in (a) and (b), as symbols together with different fits.
(a) The curves are the sum of the extrapolated activated con-
ductivity and the calculated hopping conductivity according
to the model of Shapiro and Adler assuming a constant local-
ization length (o = 6.5 A). Note, that the experimentally ob-
served smooth transition between the low-temperature range
and the higher-temperature range is not reproduced by the
calculation. (b) Calculations according to Shapiro and Adler,
this time using an energy dependent «(FE) as given in the
figure.
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sumed to depend on energy according to Eq. (17), we
are going to discuss the differential conductivity o(E,T).
To be specific, we consider o(E,T) for one gate voltage
(Ug — Ugn = 80 V) and for three temperatures. The in-
set of Fig. 3 sketches the density of states distribution as
defined in Eq. (16) and in Fig. 4(a), we show the two al-
ternatives for a(F) that were used to fit the data in Fig.
2(a) and Fig. 2(b), respectively. Figure 3 gives again
the Arrhenius plot of the data for Ec—Er= 69 meV, to-
gether with the two theoretically obtained conductivities
(0ext + Ohop). The dashed curve is that obtained with
a = 6.5 A, and the solid curve is that calculated with
a(FE) following Eq. (17). Three characteristic tempera-
tures shown by dots in Fig. 3 are chosen for a further
discussion of the transport: For T5=30 K and T3=20
K, 0ext is negligibly small, whereas for 77 =50 K 0ey¢ is
not negligible. In Figs. 4(b)—(d), we have plotted for
each of these temperatures the differential conductivity
o(E,T), as a function of energy. The extended state dif-
ferential conductivity above E¢ was calculated with the
assumption of a constant mobility and a constant den-
sity of states and it decays exponentially above E¢, due
to the Fermi function cutoff. As expected, transport at
E¢ decreases with decreasing temperature [compare Fig.
4(b) with Figs. 4(c) and 4(d)]. The differential conduc-
tivity in localized states below E¢ is less temperature
dependent and consequently dominates at low temper-
atures. A maximum in o(E,T) is observed at energies

1072
F gne(Ec)

1073

log(gn(E))

10~

1075 +

1076

conductivity (Q " 'em™1)

\\a =const

10_7 B Oext \

108 T
10 20 30 40 50

1000/T (K~ 1

FIG. 3. Arrhenius plot of the TFT-channel conductivity
for Uy — Uyn=80 V. Open circles are the measured data. The
solid curve is the calculated conductivity (cext + Ohop) for a
localization length «(F) that depends on energy according
to Eq. (17), whereas the dashed curve is the calculated con-
ductivity for a constant « = 6.5 A. Note, that the fit is
considerably improved for the energy dependent localization
length. Filled dots mark the temperatures Th,7%, and T3 at
which the differential conductivities of Fig. 4 were calculated.
The inset sketches the density of states distribution used in
the calculation.
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FIG. 4. (a) Two choices of localization length vs energy
that were used for the model calculations of Fig. 2(a) and
Fig. 2(b), respectively. The dashed and solid lines give the
constant a = 6.5 A and a(E) according to Eq. (17), respec-
tively. (b)—(d) Differential conductivities calculated for 50 K,
30 K, and 20 K. The maxima of the differential conductivity
define the transport energies F. (variable a) and B (fixed
a), respectively. The transport energy moves towards Ec
with increasing temperature [see (b)—(d)]. Note that Ei. is
larger than E\., due to the fact that a increases with energy
‘in the first case.

Ei; (variable a) and E,. (constant «), the transport en-
ergies. E\. (Et,) increases with increasing temperature
and we find E;; — Er =~ 6kgT (Et, — Ep =~ 4kgT). The
existence of a maximum is due to the fact that o(E,T)
is the product of the Fermi function that falls off with
increasing energy and the density of states and the mo-
bility that increase with energy.'® The increase of u(E)
is sharp, because the density of states distribution enters
exponentially via R(E) [see Eq. (14)]. It is obvious from
Figs. 4(b)—(d) that the increase of o when approaching
E¢ favors transport at higher energies. The reason for
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the better fit of the experimental data can now be under-
stood; when the temperature increases, Ei, shifts higher
up in the band tail, where a becomes larger. This in turn
gives a larger o(FE,T) and hence a larger o(T), as com-
pared to a constant a, due to its exponential dependence
in Egs. (14) and (14'). As a consequence, the sharp tran-
sition region between hopping transport and transport in
extended states is smoothed out (see Fig. 3).

To avoid confusion, we mention here that we find a
temperature dependence of E;, that differs from that
given in Refs. 5 and 17, namely,

3aNY2E
E!. = Ec —3Eocln (_QM ,

2kgT

where Neyp is the total density of localized states in a
purely exponential conduction-band tail. However, that
result was obtained without consideration of the occupa-
tion function and is only applicable if Er is deep in the
band tail, i.e., Ep < Ej,. Inserting typical numbers, we
get E{. < Ec-100 meV for T < 50 K. Consequently, the
condition for application of the simplified formula of Ref.
5 is not fulfilled for the high gate voltages (and the small
activation energies) employed in this work.

V. CONCLUSION

The low-temperature conductivity of the amorphous
silicon layer in the channel of a thin-film transistor
shows a clear indication of hopping in the band tail,
when the gate voltage is chosen so high as to obtain
high-temperature dark-conductivity activation energies
smaller than 100 meV. Under the assumption of an en-
ergy independent localization length of all states in the
band tail, only the general trends of conductivity with
temperature and gate voltage can be reproduced. Quan-
titative agreement of our data with the transport algo-
rithm of Shapiro and Adler is achieved if the latter is
extended to allow for a variable localization length a(E)
that is inversely proportional to the square root of the
state’s energy below the band edge.
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