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Hot Electrons in Amorphous Silicon
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At extremely high electric fields (F = 0.55 MY /cm) and high temperatures (3000 < T° < 450 K),
full deactivation of the electron drift mobility in amorphous hydrogenated silicon (a-8i:H) is obtained
and therefore the shallow trapping is substantially reduced. New data clearly demonstrate that he
free electron (band) mobility in a-8iH decreases when the electric field increases, contrury 1o other
disordered materials (e.g.. amorphous selenium). In this sense the free carrier transport in a-5i:H is
similar to the hot camiers in crystals when phonon scattering prevails,

In many disordered solids the existence of the disorder-
induced localized band tail states Jeads to the fact that
the observed (drift) mobility {g) iz smaller than the free
carrier (band) mobility (gq) and often to a dispersive
charge transport. The quantity wg is of fundamental
importance, the direct measurement of which is, however,
extremely difficult.

On the basis of scaling theory [1], it is generally pre-
dicted {and proved for amotphous Se [2]) that in dis-
ordered structures the free camier mobility continucusly
increases with the energy (£) above the mobility edge (E,).

Although amorphous hydrogenated silicon (a-Si:H) is
the most studied amorphous semiconductor, there are still
a lot of open questions such as the following,

What is the precise value and the temperature {T) de-
pendence of the electron free carrier mobility in extended
states [3]7 Does py really increase with increasing kinetic
energy E as predicted by scaling theory? Why is trap-
ping of the carriers into the (tail) states, which controls
the drift mobility, not observed in the optically detected
picosecond time-of-flight (TOF) transients [4]? Why is
high electric field (F) induced impact ionization not ob-
served in a-5i:H, in contrast to a-Se {5,6], although from
the results of the quantum efficiency investigation it is
known that in g-5i:H the free camier thermalization dis-
tance is longer [7], the mobility is higher, and the energy
gap is smaller than in g-Se [2]7

Significant achievements in the study of the free carrier
behavior in & 2-Si:H have been obtained by femtosecond
pump and probe laser techniques: very fast charge carrier
thermalization (=1 eV /ps) [8], very short scattering time
(~0.5 fs) [8,9], and, correspondingly, very small mean
free path A [approximately equal to the interatomic
distance (a;)] have been obtained. These results indicate
very small free carrier mobility (ug = 10 em2/Vs). A
similar pq value has been estimated from the high
temperature saturation tendency of the p(T) dependence
[3] and from the high F subnanosecond w(F) dependence
[4,10].

The aim of this paper is to use the TOF technique to
investigate the transporl properties of the Iree electrons
in a-5i:H, while eliminating the influence of the localized
tail states by measuring at the highest possible electric
ficlds and at high temperatures.

For our TOF studies high quality reverse bigsed p-i-n
structures, specially designed to allow the application of
the highest possible electric fields, were used.  These
sandwich samples (with thickness o) were placed into
a coaxial waveguide matched with a real-time 6 GHz
oscilloscope which allowed us to measure the drili currem
transients down fo subanancsecond times [10]. The
charge carriers were generated by a laser pulse (hr =
2.3 eV and half-width ¢, = 17 ps) suvitably delayed afier
the application of the voltage pulse. The delay lime was
varied in order to check the absence of intrinsic electric
field redistribution especially at high temperatunes and at
high electric fields. From the experimentally measured
transit time f, the value of the drift mobility g = d /1. F
was obtained. To exclude effective thickness problems
[11] we used the “small signal™ mode.

There are three temperature regions of a-5i:H with
characteristic transport properties. In the low temperature
region (r < 100 K) the electron transport is dispersive:
the drift mobility is a function of the electric ficld, time,
and interelectrode distance. The dispersion parameter is
independent of temperature, but clearly depends on the
electric field. These results have been interpreted as field
enhanced band-tail hopping [ 12],

In the medium temperature range (100270 K) the
electron transport s also dispersive, bul the disper-
sion parameter increases with temperature and is only
a weak function of the electric ficld, In this wempera-
ture region multiple trapping into almost exponentially
distributed band-tail states is assumed. At high elec-
tric fields (F > WP V/em) an additional term [u ~
expleaF /kT) with a = | nmj [10,13] of a nondispersive
nature has been observed, the wrigin of which is still not
fully clear.



For T = 270 K the electron drift mobility is thermally
xctivated and nondispersive, and transport is controlled by
equilibrated multiple trapping [3]. The value of ue (7 <
g < 13 cm®/Vs) has been estimated from the u(T)
saturation tendency at high temperatures (3] and from the
p(F) dependence in a high electric field [4,10].

Figure | shows the lemperature dependence of the
electron drift mobility measured by TOF on a 10 gm
thick a-Si:H p-i-n diode at low Held (0.05 MV /em) and
ot high field (0.5 MV /cm), The high F results indicate
almost zero activation energy of the drift mobility (E,).
As illustrated in Fig. 2 full deactivation (E, = 0) is
schieved at F = 0.55 MV/cm, The surprising finding is
that the value of the high F deactivated mobility (u =
1.5 cm?®/V s). which should approach g, is smaller than
the estimated low field uq (sbowt 7 cm?/Vs: see below).

This indicates that pe decreases with high clectric
fiekds. This seems o be supporied by the small decrease
of the drift mobility obscrved af the highest ficlds for
T=450K in Fig 3. Although this decrease is rather
small. it was clearly confirmed also on other samples. At
bigh T and medium ficld a field independent u has been
observed also in Ref. [4]; see X in Fig. A,

There is a tight relation between the drift mobility
and the density of the wil states [N(E)] and so before
detailed analysis of the data shown in Figs, 1-3 we have
to summarize what we know ahout NI E).

An exponential conduction band tll slute distribution
NE) = Noexp{=E/kTy) with Ty In the runge 250-
WOK is commonly used for o @-SiH. In Ref. [14]
N(E) was evaluated from the drilt mobility activation
encrgy ficld dependence E (F), and it wus concluded
that the exponential N(E) changes 10 & linear one near
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the mobility edge. However, if we calculate N(E)
according to the same method and take into account the
experimentally observed [10,13] factor exp(eFa/kT) im
the electric field dependent drift mobility, we have found
that the exponential N(E) distribution with Ty = 270 K
extends up to the electron mobility edge [15). For such
single exponential distribution and the case of equilibrium
multiple trapping (T > Tj) the electron drift mobility in
the low electric field limit is, necording to [16),

o= (T (1 = Ty/T). (1)

This equation can be used for the determination of the
(T dependence at low electric fields (see also [4]).

The experimental data in Fig. | can be fitted by
wo sets of parameterss a lemperature indepen-
demt pg=65cm’/Vs and Ty = 267K (dashed
line) or by a more realistic expression
polT) =7 cm’/Vs and Tp= 20K (full
line). Both of these ug values coincide with other resalis
[3E.10] and coefirm the diffusion model of tramspost
of free electrons. Therefore ot high temperature and
high electric field the measured temperature and field
independent  value g =25 cm’/Vs is smaller tham -
o =7 cm?/Vs (Fig. 3). This may be explained only if
the free carrier mobility ug decreases when the electric
field increases. This is evident ulso from the fact that
u(1/T) dependences for different F cross at 1/T # 0
(see Fig, 1),

So the expleFa/kT) fuctor (observed in Refs. [10,13]
and evident also from the 293 K duta in Fig. 3), increas-
ing with increasing F, cannot be related to o which de-
creases with increasing field and that is the reason why
we attribute the origin of this factor to the field depen-
dence of the band-tail trapping-retrapping process. As the
tiple trapping model. [For the concentration of trapped
carriers (n,) ot energy E below the mobility edge (E = 0)

0 0.2 04

F (MVicm)

The clectron drift mobility activation energy (E
mezamed below W0 K. & 8 fesction of the clectric field (F,
for 10 mm thick @-SEH pei-n stracture.  Solid line is simply 2
ruide for the cye.



10 l

My (300K

o~ L xax " Looadne, 0

g
5 5 450K
= v 410K
1 & 360K
L m 288K
¥ 396K
L i

00 04 02 03 04 05 06 07
F (Mvicm)

FIG. 3. Electron drift mobility (u) as a function of the
elegtric field (F) at different temperatures for 10 gm thick
a-5i:H p-i-n structure.  Points—experiment, full curves—
calcolated according to Egs. (3) and (5). Bold line—free
electron mobility wg calculated for T = 300 £ according tw
Eq. (5). Armow indicates the field at which the drift velocity
is equal to the velocity of sound. X —recalculated from the
optical measurerments of the drift velocity according to Ref, [4)
(d =2 wm)

we can write a kinetic equation

dn;(E) [_ E }
g YriNeexp| T
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where v is the trapping {and emission) coefficient and
NokT the effective conduction band edge density. Then
in thermal equilibrium (T > Tp) dn,(E)/dt = 0 and the
drift mobility is

n
T m[n + f:n:fE}dE}

" . exp(—eFa/kT) 7™
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It is evident from Eq. (3) that for high T, and/or
high F, u has to approach uy. For low F we obtain
Eg. {1). For medium temperatures (T << T,) the drift
mobility is controlled just by the energies E in the interval
0 < E < E*t)=eFa + kT In{»t), from which carriers
can be emitted (by field or temperature) during the time ¢.
This leads to dispersive transport, and in Eq. (3) to the
substitution of infinity in the integral upper limit by E°(t)
and n analogy with [16] to
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as has been experimentally observed [10,13].

Since in our experiment at high electric field the drift
velocity exceeds sound velocity (v, = 8.5 X 10° cm/s
[17]), we attribute the decrease of the free carrier mobility
to the emission of acoustic phonons when uoF > v,

according to the classical Shockley formula for crystalline
semiconductors [18]:

(E) _ wilo) _ 1
kT pg(F) 2

where (E} is the mean kinetic energy of hot carriers.
Note that this expression has been successfully used also
for organic molecular crystals (C = /3% /8 [19]) and
gases (C = 1,32 [20]) with a similarly small value of
mobility and with the mean free path also comparable 1o
the interatomic distance (A = a;).

The fit of Eags.(3) and (5) to the experimen-
tal results is shown in Fig. 3 for Ty = 270K,
po = 7.5)300/Tem?/Vs, a = 1.4 om, C = 1.58, and
v, = 8.5 % 10° cm/s. The ug(F) dependence calcu-
lated according to Eqg. (5) for 300 K is shown (see bold
line in Fig. 3) for comparison. In this simplified descrip-
tion we have used typical parameters, and they fit the
experimental results very well. Moreover, on the basis
of the above model some puzzling experimental facts are
easily explained. First of all, it becomes clear that for
F =02-03MV/cm, used in optical transient experi-
ments [4], pg is already decreased by the electric field,
the difference between w and gy s much smaller than
usually assumed, and so it is difficult to observe mo-
bility time dependence [4]. Second, the fact that py
decreases with increasing field allows us to understand
why band-to-band impact ionization does not occur even
for extremely high F and thick samples. The impact
ionization efficiency B, which is very sensitive to sample
thickness (d), is expressed as [5]

(1 + JI + [Cm[mF,fu_f]*). (5)

B = exp[% cxp(—%ﬂ, (6)

where AE is the impact ionization energy equal to the en-
ergy gap (1.8 eV) in materials with a low mean free path
{(in which the momentum need not be conserved). The
experimental quantum efficiency results in an extremely
thick a-5i:H p-i-n structure (50 gwm) demonstrate no
charge multiplication (see Fig. 4). From the experimen-
tally estimated value § < 1.05 for F = (0.5 MV /em and
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FIG. 4. _('_':hajge collection coefficient (Q/ @) as a Munction of
the electric field measured at room temperature on 50 gm thick
a-8itH p-i-n strocture,
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