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Exponential band tails in polycrystalline semiconductor films
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We present measurements of the energy distribution of interface states at grain boundary areas in fine-

grained silicon films. A dc method as well as ac-admittance spectroscopy reveals exponentially decaying
band tails in the two-dimensional density of states within the band gap. The experimental results are in

agreement with a model of potential fluctuations. This mode1 explains the extrapolated band-edge values of
the density of states as well as the ratio of the slopes of conduction- and valence-band tails.

The electronic behavior of polycrystalline semiconductors
is dominated by their inherent grain boundary areas where
charge in interface states creates a potential barrier. Models
of current transport'. across boundaries as well as of capaci-
tance transients were used to attribute this charge to
monoenergetic centers within the band gap, whereas experi-
ments on bicrystals, as well as on films, ~ revealed con-
tinuous energy distributions. Nearly all papers in the field
of polycrystalline semiconductors so far assumed a spatially
homogeneous barrier. It has, however, been shown that
even grain boundaries in high-quality, specifically prepared
bicrystals exhibit potential fluctuations due to the spatial
distribution of grain boundary defects.

This Rapid Communication shows that the electronic
properties of polycrystalline silicon films are primarily deter-
mined by such potential fluctuations. We find the density
of states (DOS) at the grain boundaries to be dominated by
exponentially decaying band tails, that are caused by local-
ization of carriers within the wells and hills of potential fluc-
tuations. Measurements and identification of deep ex-
ponential band tails in a two-dimensional system are report-
ed here for the first time.

The polycrystalline silicon of 500 nm thickness is deposit-
ed by chemical vapor deposition at 625'C. Doping up to
1&10' cm is performed by implantation of arsenic or
boron. The grains grow columnarly with an average lateral
size of 100 nm. Samples for dc characterization are deposit-
ed on oxidized silicon wafers and are provided with contact
stripes for four-point measurements. ac admittance is mea-
sured at 300X 300 p, m2 metal (aluminum) —oxide —polycrys-
talline silicon —silicon (MOPS) capacitors. They are fabricat-
ed by deposition of 300-nm-thick oxide onto polycrystalline
silicon, which in turn is deposited on 0.5-A cm unoxidized
wafer s.

The first method we apply for DOS measurements, the
doping method, is based on the temperature dependence of
the films dc conductivity. Various models for the de-
current transport by majority carriers across grain boun-
daries have been proposed: thermionic emission over the
potential barriers, ' thermionic field emission, and drift and
diffusion processes. ' We describe the boundaries within
the films with the help of a band diagram as shown in Fig. 1

and use a common feature of these current models. In all

of these descriptions the dc conductivity o- can be written as

o- = 3 ( T) exp[ —e ((+P)/kTl

Here ef gives the Fermi level in the grains, e$ the boun-
dary barrier, and kT/e the thermal voltage. The prefactor
A ( T) differs for theories of the thermionic type'2 and the
diffusion type. ' in the first case it contains the Richard-
son constant of majority carriers, in the latter one their mo-
bility. We interpret e$ in Eq. (1) as an average barrier be-
cause the potentials at the grain boundaries fluctuate.
These fluctuations may be caused by spatial variations of
the band gap due to strain ("elastic fluctuations" ) or due to
a statistical spatial distribution of charged deep centers
("electrostatic fluctuations" ) .

The dc conductivity of our films is thermally activated

a. = o. exp( —E, /kT) (2)

where E, gives the activation energy, and a is the o- value
at 1/ T = 0. From Eqs. (1) and (2)

E, = e((T)+ ey(T)+ kTin[(T /2 (T)] (3)

Figure 1 shows that the first two terms in Eq. (3) give the
Fermi level at the interface EF= eg+ e@, which controls the
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FIG. 1. One-dimensional band diagram of a charged grain boun-
dary in n-type silicon. The net-negative interface charge of donor-
like and acceptor-like interface states is compensated by the positive
donors within the space-charge region. The measured energy distri-
bution of the interface states is shown in Fig. 2.
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occupation of the traps. Prom Eq. (3) it then follows

E = EF( T= 0). (4) Cox

The activation energy E, gives a measure for E+ when ex-
trapolated to zero temperature. This holds as far as 3 (T)
varies as T, where o. is a constant, being o, =1 for ther-
mionic emission. 6 In the diffusion limit9 A(T) depends
linearly on mobility, which for electrons in silicon varies as
T and for holes as T ." We assume EF to be in-
dependent of temperature due to pinning by the high DOS.
Then Eq. (4) holds also for 250—400 K, where we measure
the thermally activated behavior of o-.

When EF is known from E„ the barrier e@ is calculated
by eP=E, —e(, where e( is known from Hall effect. The
trapped areal boundary charge eQ is given by
eQ = (8eeoNeg)'i, ' where eaa is the permittivity and N the
grain doping. Experimentally we find a dependence of Q
upon the doping of the films, because the changes of N, e(
shift EF through the DOS at the interface. Conversely, we
calculate the areal density of states N„, by the derivative of
Q with respect to EF, which both depend on doping N:

dEF dN
dQ dQ dEF

dN

Results of this doping method are represented by the trian-
gles of Fig. 2. The full circles give results of films which
are treated in atomic hydrogen at 400 K. This process
reduces the DOS.

For our second method, admittance spectroscopy, we
analyze the ac admittance of the MOPS capacitors of the left
inset in Fig. 3. Owing to the columnar grain growth of the
polycrystalline silicon the boundary areas are nearly all per-
pendicular to the MOS interface. The thickness 6 of the
grain boundary layers typically is of the order of 5 =1 nm.
We keep the analysis simple and one-dimensional and treat
the boundary traps as if homogeneously distributed over the
whole polycrystalline silicon layer, i.e. , as bulk traps, and we
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FIG. 2. Density of states (DOS} within the forbidden gap of
polycrystalline silicon. Energy zero point at midgap. Data for E ( 0
arise from p-type samples, for E & 0 from n-type samples. Trian-
gles are obtained by doping method, squares by admittance spec-
troscopy. The lines represent least-square fits of Eq, (7} to triangles
and squares. The two arrows at the band edges indicate the
theoretical values for a two-dimensional free-carrier gas. Results
for hydrogen-treated films are obtained by doping method.
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FIG. 3. Frequency dependence of interface-state conductance
G, /au The. heavy curve arises from Eq. (6) after the determination
of W and v from the maximum of the measured curve. Insets
show MOPS capacitor and equivalent circuit used. The capacitances
of the oxide and the space-charge region are termed as Co„and CD,
respectively.

finally correct for the ratio of the grain diameter to a typical
boundary width, 100/1 nm. The admittance of MOS capaci-
tors with monoenergetic bulk traps was calculated by Conti,
Fischetti, and Gastaldi. ' We extend their analysis to a con-
tinuum of energy states and write for the areal interface
states admittance Y, = G, + cu C, in terms of conductance G,
and capacitance C„ in n-type polycrystalline silicon

e2N~ xDI;= [—' In(1+ cv'r') + i arctan(car ) ]
2

Here ca is the frequency i = ( —I)'', and r t=u„a„n, .

where o-„ is the capture cross section for electrons, v„ their
thermal velocity, and n their concentration at the grain
boundary. The quantity N' gives the three-dimensional
DOS of bulk traps. The term in square brackets arises from
an integration over energy, '3 whereas the term xD/2 arises
from the integration over the depletion layer of width xD
and capacitance CD. '

We calculate conductance G, and capacitance C, from the
measured admittance with the help of the equivalent circuit
of the right inset in Fig. 3. The capacitance C,„ is known
from oxide thickness, whereas CD, xD are obtained from
Poisson's equation. ' The DOS of bulk traps N", is found
from a plot of G, /c0 versus frequency as shown in Pig. 3.
The maximum of the curve occurs at so~ = 1.98 with a value
of 0.2 e N'xD. We measure four MOPS capacitors connect-
ed in parallel and therefore get N'=3. 3X10'7/cm3eV with
xD= 500 nm. This corresponds to a three-dimensional DOS
of N, =3.3&& 10'9/cm3eV at the grain boundaries and a two-
dimensional value of N„(EF) = N, o = 3.3X 10'2/cm2 eV.
The capture cross sections found are 10 ' cm for electrons
and holes. Results of this second method are characterized
by the squares in Fig. 2. The different squares arise from
samples with different doping levels, i.e. , different positions
of the Fermi level Eq at the grain boundary.
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We interpret the exponential behavior in Fig. 2 as band
tailing: Fluctuations in the spatial distribution of grain
boundary defects inevitably lead to potential fluctuations.
The hills and wells of these fluctuations then give rise to lo-
calized tail states. We compare our results with a recently
discussed model, ' which gives the DOS of band tails in a
two-dimensional system at an energy distance AE from a
band edge as

N (E) = Np exp( AE/Ec) (7)

Here we neglect any influence of short-wavelength fluctua-
tions on localization energy for carriers of mass m and take
Eo= W Lzm/2srzlt z for the random potential of variance W
and correlation length. L, which is expected to be of atomic
size. t~ The quantity b, E in Eq. (7) is taken as /r. E= Ec E—
and AE= lEvl —IEl for positive and negative energies E
from, midgap, respectively.

We test this quantum-well model and fit Eq. (7) to the
triangles and squares of Fig. 2. The results are represented
by the two lines. The preexponential No and the Eo values
of Eq. (7) give the extrapolated N~ value at the band edges
and the reciprocal value of the slope in Fig. 2. From the fit
we find Ntf = 4.5 & 10'4/cm2 eV, Ef = 49 meV for the
conduction-band tail, whereas for the valence-band tail
N$=2.4 1X0 /tc4me2V, E$=69 meV are found. These ex-
trapolated No values should be comparable to the theoretical
values for a two-dimensional (2D) gas of delocalized elec-
trons and holes at the edges of the conduction and valence

bands. These two valuests'6 of N2n =4.2&& 10t4/cmzeV for
electrons and Nzvn = 2.3 & 10'4/cm2eV for holes are indicated
by the two arrows in Fig. 2 and they are close to the experi-
mentally extrapolated DOS values. The model explains also
the asymmetry in Fig. 2. The DOS masses of 0.55 and 0.33
for holes and electrons predict a theoretical value' of

y Eo, theor /E0, ttreor 0 55/0 33

for the ratio of the slopes. From Fig. 2 we find
y=Eq~/Ecc=1. 4. From the Ec values we, moreover, esti-
mate L. The square root of variance W will not exceed
about half of the band-gap energy because deeper wells and
higher hills in the distribution of potentials would be hin-
dered by free-carrier screening. We then obtain a lower
limit of L ~ 1 A for the correlation length L, which indeed
is of atomic size, as expected.

In conclusion we have shown that the DOS at grain boun-
daries in silicon films is dominated by exponential band
tails. We propose that these tails arise from localized states
in quantum wells, which are caused by the statistica1 distri-
bution of interface defects. The experimental results are in
good agreement with this model.
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For hole calculated with m =0.55. For electrons we average over
the DOS values for the (001), (011), (111) surfaces.
Here we take the same O', L for the two tail branches, An even-
tual m dependence of these two quantities could be estimated
when Thomas-Fermi screening is applicable. However, the
present case is more complicated since the grain boundaries are
depleted from free carriers but contain localized states,


