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The temperature dependence of the dc dark conductivity of doped hydrogenated amorphous sil-
icon is explained by the defect-compensation model of doping with the proposal that the structure
is in metastable thermal equilibrium. Observed conductivity activation energies and preexponen-

tial factors can be accounted for quantitatively.

When the localized state distribution is in

thermal equilibrium, the conductivity preexponential factor is the Mott minimum metallic conduc-

tivity.

Since the discovery in 1975 by Spear and LeComber
that hydrogenated amorphous silicon (a-Si:H) could be
doped,' there has been a rapid increase in our understand-
ing of transport in amorphous semiconductors. It is there-
fore surprising that basic questions persist regarding the
temperature dependence and magnitude of the dc conduc-
tivity.2? Even when the distinction between bulk and sur-
face conduction is made and measurements are performed
which minimize space-charge effects, many puzzles exist.
Arhennius plots of the temperature dependence of the dc
dark conductivity exhibit an upward kink at high tempera-
ture (7=400 K). The various models to explain the kink
include two separate transport paths, potential fluctua-
tions, and shifts of the conduction-band edge with tem-
perature.3"> Also, no agreed explanation exists for the
Meyer-Neldel rule, an observed exponential increase of
the conductivity prefactor with activation energy.> Final-
ly, the connection between the preexponential factor oy
and the minimum metallic conductivity remains a subject
of controversy.® In this Rapid Communication we will
show that Street’s defect-compensation model of doping,’
together with the proposal that the structure of doped a-
Si:H is in metastable thermal equilibrium,® can successful-
ly answer these questions.

The temperature dependence of the dc dark conductivity
in a-Si:H for conduction above a well-defined mobility
edge at energy Ec, is assumed to be>

o=0mnexpl—(Ec—Ef)/kT] , 1)

where Ep is the Fermi-level energy and on, is the
minimum metallic conductivity. Ec—Er may be tem-
perature dependent because of the following: (1) Ef is
temperature dependent due to a nonsymmetric distribution
of states about Er (a statistical shift), (2) the band gap is
temperature dependent, and (3) electron-phonon coupling
may cause E¢ to move to lower energies as the tempera-
ture is raised.” A linear temperature coefficient ¥, defined
by

EC—EF-(EC"EF)()—)’T N (2)
results in,
o=cgexp(E,/kT) , 3)

where E, =(Ec — Er)y is the temperature-independent ac-
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tivation energy and
00=0minexp(y/k) 4)

is the preexponential factor.

We present here a few new experimental results which
we need, in addition to those published earlier, for the dis-
cussion presented below. Doped a-Si:H samples of thick-
ness ~1 um were grown via the rf glow-discharge decom-
position of silane (SiH;) and phosphine (PH;) for n-type
doping; or silane and diborane (B,Hg¢) for p-type doping,
in a deposition reactor described earlier.'® Before evap-
orating chrome coplanar electrodes, a 100-A n% layer (1
vol% PH3; in SiH,4) was plasma deposited on top of the a-
Si:H sample (the n* layer was omitted for the boron-
doped samples). After the electrodes were deposited the
nt layer in the gap between the contacts was removed by
plasma etching. These contacts yielded linear 7 -¥ charac-
teristics for applied voltages up to & 100 V, thereby elim-
inating the possibility of space-charge effects due to non-
Ohmic contacts. It is known that the coplanar dark con-
ductivity of a-Si:H is sensitive to the presence of surface
adsorbates!! and is affected by prior light exposures.'? All
conductivity measurements were made after annealing at
450 K for 30 min in an oil-free vacuum after rapidly cool-
ing the samples back to room temperature (cooling rate
=1-2°C/sec). The sample is then cooled to below 200 K,
and the conductivity is measured as the sample is warmed
up to 450 K (heating rate =3°C/min).

The conductivity of doped a-Si:H is very sensitive to the
rate at which the sample is cooled following a high-
temperature anneal, as observed by Ast and Brodsky'3 and
Street, Kakalios, and Hayes.® Figure 1 shows Arhennius
plots of the conductivity for n- and p-type a-Si:H. The
room-temperature conductivity can vary by a factor of 2 or
more as the cooling rate is changed from 1°C/sec (® data
points) to 0.02°C/sec (A data points). Above a fairly
well-defined temperature (=400 K for n-type and 360 K
for p-type a-Si:H) the low-temperature conductivity
curves merge, becoming independent of thermal history.

The temperature dependence of o measured as the sam-
ples are warmed following rapid cooling (1-2°C/sec)
after a high-temperature anneal, for a-Si:H doped with
10, 100, and 1000 ppm PHj are shown in Fig. 2. These
curves obey Eq. (3) with two sets of E, and oy values over
the temperature range 200-450 K. Activated behavior is
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FIG. 1. The temperature dependence of the dc conductivity
immediately after annealing for different cooling rates for n-
and p-type doped a-Si:H.

observed up to 77==330 K, with activation energies from
0.21 to 0.16 eV and preexponential factors oo=5-10
Q 'em~!. Above 7=400 K Arhennius behavior is re-
stored, with £,==0.3-0.4 eV and 6,=200 Q ~'cm ™!
From Figs. 1 and 2, it is clear that the kink in the con-
ductivity and the quench-rate dependence are closely relat-
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FIG. 2. Conductivity as a function of inverse temperature of
n-type a-Si:H doped with 10, 100, and 1000 ppm phosphine.
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ed. We first show that both are a result of thermal equili-
bration in the sample, based on the defect-compensation
model of doping.” According to this model, charged
dopant and compensating dangling-bond defect states are
in quasithermal equilibrium at the growing surface during
deposition. The lowest-energy configuration of doped a-
Si:H is such that there are approximately equal densities
of charged dopants (P4*) and compensating dangling-
bond states (D ™). For n-type a-Si:H the doping reaction
is thought to be

P3OSP4++D_ . (5)

The Fermi energy Ef is constrained to lie between the
charged dangling-bond and dopant states, at an energy we
denote E ,i,. It has recently been su§gested8 that the de-
fect structure, i.e., the densities of P4~ and D, remain in
metastable equilibrium after deposition. The time to reach
equilibrium is thermally activated, becoming longer at
lower temperatures. In phosphorus-doped a-Si:H the
equilibration time is of the order of a few seconds near 400
K. Above this temperature the material rapidly comes
into thermal equilibrium.

Electrons occupy the shallow band-tail and overlapping
donor states. The density ngt of shallow band-tail states is
related to the densities of donors (Ngenor) and dangling
bonds (NVpg) by the expression

ngt = Ndonor —NpB - 6)

The electron occupancy in the band tail is also defined by

”BT'“.I;;:,_g(E)“‘*'eXP(E—Ep)/kT]“dE ,

where g (E) is the density of states. During deposition the
defect structure is in thermal equilibrium. The Fermi level
is therefore at E,, which together with Eq. (7) deter-
mines the value of ngr when T is the deposition tempera-
ture (typically =230°C).

The model of thermal equilibration allows us to make
several qualitative predictions regarding the conductivity
temperature dependence. We first address the conductivi-
ty below the equilibration temperature. The defect struc-
ture is frozen (that is, the time to reach equilibrium is long
compared to laboratory time scales), and so the Fermi lev-
el is temperature dependent [from Eq. (7)] in order to
maintain a constant ngr. Due to the rapidly increasing
density of band-tail states, Eq. (7) will be satisfied as the
temperature is lowered only if Er moves away from E ;,,
closer to Ec. We therefore expect the activation energies
and prefactors to be strongly influenced by the statistical
shift.

On the other hand, above the equilibration temperature
the defect structure is in thermal equilibrium. In this case
Er is pinned at the minimum between the P4+ and D~
bands at E, =FE¢ — E nin, and there will be no statistical
shift. The increase in activation energy above 400 K
shown in Figs. 1 and 2 is therefore a natural consequence
of the thermal equilibration.

The dependence of ngr (and hence of &) on cooling rate
from above the equilibration temperature has been report-
ed earlier® and is a direct consequence of a metastable de-
fect structure. As the defect structure comes into equili-
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brium, the density of donors and dangling bonds changes
so as to lower ngr. As shown in Fig. 1 for a 100-ppm
PH;-doped a-Si:H sample, a large hysterisis is seen upon
slow cooling (=0.02°C/sec) from 450 K, as expected
from the thermal equilibration model. The higher activa-
tion energy and lower oy of the lower curve (A data points
in Fig. 1) reflects the lower npt obtained by slow cooling.
After slow cooling to 330 K the sample was cooled to 200
K and then warmed up to 360 K and then rapidly cooled
(=1°C/sec) to 290 K (boxed data point in Fig. 1). This
data point lies on the slow cooling curve, indicating that
the defect structure remained fixed up to 360 K.

Our model defines two temperature regimes separated
by the equilibration temperature. The kink originates be-
cause the statistical shift is present at low temperature but
absent at high temperatures. We now show that the model
gives quantitative agreement with the data, based on the
density of states g (E ), shown in Fig. 3. This g(E) is de-
rived from experiment as described elsewhere.'* The tem-
perature dependence of o for the low-temperature regime
is calculated by numerically integrating Eq. (7), using this
density of states and assuming that the structure freezes at
130°C, with Er at Epni,. For a doping level of 1075 we
find E,=0.23 eV and 6p=15 Q@ “'cm ™! (assuming a free
carrier mobility value of 10 cm?/Vsec), and for a doping
level of 1073, E, =0.15 eV, and 0p=21 @ ~"'cm~!. Com-
parison with the data shows excellent agreement, with ac-
tivation energies within 20 meV, and o, within a factor of
4,

We next discuss the quantitative agreement with the
data above the equilibration temperature. The known in-
crease in Npg (Ref. 14) causes E i, to move towards Ec
with increased doping level. From Fig. 3, it is seen that the
model predicts activation energies (E,=FEc — Enin) of
E,=0.33 eV for 1000 ppm PH; and E, =0.37 eV for 10
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FIG. 3. A schematic diagram of the density of states showing
the dangling-bond band and the band tail that includes the donor
band for 10 ppm PH; (dashed line) and 1000 ppm PH3 (solid
line).
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ppm PHj, within 50 meV of the measured data, which is
well within the uncertainty of g(E). Furthermore, the
equivalent model for the valence band gives E, =0.55 eV
for a doping of 1073, also in excellent agreement with the
data. The larger activation energy in p-type material is
due to the broader valence-band tail.

Finally, we address the conductivity prefactor in the
high-temperature regime, where the statistical shift is ab-
sent. We estimate that the temperature dependence of the
gap, exp(y/k), gives a factor 1-2 in Eq. (4), assuming a
uniform scaling of the gap energies. Therefore, the mea-
sured 6o =200 Q ~'cm ™!, in the absence of a temperature
dependence of E¢, yields

Omin=100-200 @ "'cm™!' . ®)

For the p-type sample in Fig. 1, 6o=400 Q@ "'cm ™! and
exp(y/k)==2-4, which gives the same o, as Eq. (8).
Our value for oy, is the same as that obtained by Overhof
and Beyer* after corrections for potential fluctuations,
Fermi-level shifts, and electron-phonon couplings had been
made.

The term oy, is the minimum metallic conductivity,
first proposed by Mott,® who calculated its value to be

Omin -0.03e2/ha5 ’ (9)

where ap is the inelastic scattering length. Using the
values for opi, in Eq. (8) gives

ap=3.5-7TA, (10)

ag is the distance beyond which an electron will not, on
average, maintain phase coherence; in the random-phase
approximation (RPA) ag is taken to be the spacing be-
tween adjacent sites at Ec.!> Mott’s expression for ag
(Ref. 6) is

ap/a =INc(En)/Nc(Ec)'? | an

where Nc(E(¢) is the density of states at Ec, Nc(Ep,) is
the density of states at the middle of the conduction band,
and @(=2.5 A) is the interatomic spacing. Inverse photo-
emission measurements by Jackson and co-workers!® have
confirmed that near the conduction-band edge the RPA is
valid. Using their results of Nc(Ec) =4x10*' cm " 3eV ™!
and Nc(E,,) =3x102 cm 3¢V~ !in Eq. (11) yields

ag=5A , 12)

which agrees with the expected value. Moreover, the con-
ductivity prefactor for transport above a well-defined mo-
bility edge is given by>

O'o"Nc(Ec)kTeﬂo s (13)

where po is the microscopic mobility. Setting oo = omin
from Eq. (8), using the equilibration temperature for T,
and setting po =10 cm?/V sec, we obtain

Nc(Ec)=(2-4)x10"" cm " 3eV ™! | (14)
in good agreement with the results of Jackson and co-
workers. Thus there is full internal consistency between
the measured prefactor, the density of states at E¢, and a
free carrier mobility of ~10 cm?/V sec.
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In summary, we have shown that the magnitude and
temperature dependence of the dark conductivity of n-type
doped a-Si:H can be completely explained by the defect-
compensation model of doping when the defect structure is
in metastable thermal equilibrium. We conclude with the
following potentially controversial speculation. As shown
in Figs. 1 and 2 there are two temperature regimes of o,
where both E, and o, are lower below the equilibration
temperature than above it. An increase in op with E, has
been noted in conductivity measurements of a-Si:H (the
Meyer-Neldel rule) and has been the source of much
speculation.>® As shown here, for n-type doping the dif-
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ferent values of o correspond to different physical pro-
cesses; it would be misleading to plot og vs E, for the data
in Figs. 1 and 2. The Meyer-Neldel rule may be simply an
artifact of comparisons of o from differently doped and
undoped a-Si:H samples. Clearly, further work needs to
be done.
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