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ABSTRACT MASTER 
Polycrystalline silicon is a clean and relatively simple 

prototype of electronic ceramics. The theory of the electro
static barriers which form at silicon grain boundaries will be 
discussed. The use of experimental conductance and capacitance 
measurements to obtain the barrier height and energy density 
of grain boundary states will be illustrated. 
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Bulk polycrystalline silicon can be considered to be an 
ideal prototype of an electronic ceramic material. As found in many 
ceramics, the electrical properties of polycrystalline silicon 
can be totally dominated by grain boundary effects. We have 
been studying these effects not only for silicon but also for 
ceramic ZnO varistors,and we find many similar phenomena. 
In this paper we present a model for the electrical properties 
of semiconductor grain boundaries and show how various parameters 
of this model can be measured. The predictions of this model 
will be quantitatively compared to experimental measurements 
made on individual silicon grain boundaries. 

All grain boundary measurements shown in this paper were 
obtained by slicing bicrystals from bulk polycrystalline silicon 
which had been grown by Monsanto using CVD followed by one 
float-zone pass. The average crystallite size was 250 um. This 
bulk silicon was neutron transmutation doped to 1.0 x 10 m 
of phosphorous which is a donor [1]. Radiation damage was re
moved by annealing at 750"C for 40 min [2]-. As discussed later, 
silicon grain boundaries have a wide variety of resistance 
values so a traveling potential probe was used to locate the 
more interesting, high resistance boundaries. Samples were cut 
to isolate these boundaries and etched about 4 0 vim to remove 
saw damage. After optical examination confirmed that the boundary 
was a simple plane, the grains on each side of the boundary were 
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given two sputtered Ti/Au contacts to facilitate four-terminal 
measurements. In addition to these samples, extensive measure
ments have been made on Si bicrystals phosphorous doped to 
1.4 x 10 m" by neutron transmutation and to 5.7 x 10 and 

21 -3 1.8 x 10 m by chemical (no radiation) means with quite 
similar results. 

A. EQUILIBRIUM 
It is useful to think of the several atomic layers of the 

grain boundary region as chemically different from the surrounding 
grains. In silicon this difference is due to electronic trap 
states associated with dislocations and point defects in the 
boundary. More generally, deliberate additions of impurities to 
ceramic powders prior to sintering or accidental additions such 
as grain boundary precipitation of dopant can also contribute to 
this difference. Whatever the cause, an electrically neutral 
grain boundary will generally have a Fermi energy E F„ ,(also called 
an electrochemical potential energy or a Gibb's free energy p&r 
electron) different from that in the grains E„ G as schematically 
illustrated in Pig. 1A. In many cases, including n-Si, EF_, is 
lower than E„ Q so the equilibrium condition of equal Gibb's free 
energy everywhere requires that electrons leave the grains and 
reside in the boundary region as shown in Fig. IB. Equilibrium 
is established when the gain in chemical potential energy from 
entering the boundary is just equalled by the electrostatic 
energy, 0 B Q, lost in overcoming the repulsive force of all the 
previously trapped electrons. Because of the finite number of 
trap states in the grain boundary, the excess electronic charge 
per unit area Q B causes a finite increase AE_ in the Fermi 
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level there. On each side of the boundary there are regions of 
immobile, ionized donor atoms with a finite spacial density, N,. 
These constitute depletion regions extending lengths d and d_ 
into the grain where there are very few free electrons. For the 
Si bicrystals discussed here typical values are dT ^ 0.2 \tm and 

Li 

B, STEADY STATE 
When a positive voltage V is applied to the right hand grain 

the various energy levels change as shown in Fig. 2. In general 
the barrier height 0_ decreases, additional electrons are trapped 
in the boundary, and the Fermi level at the grain boundary changes 
with respect to both the grain Fermi level E_„ and the valence band 
edge at the boundary. To quantitatively describe the properties 
of the bicrystal it is useful to separate the electron dynamics 
into six current density components as shown in Fig. 2. Assuming 
that the currents are due to thermionic emission and that a fraction 
of the current incident on the boundary becomes captured, we have 

J L R = <1 - c)Ae-« + *>B>AT { 1 ) 

and 

J RL " ( 1 _ dAe" U + 0 B + e V ) / k T (2) 



which are the components which pass directly across the barrier. 
The captured electrons are described by 

-(? + 0 )kT 
J T M = cAe B (3) 
LM 

and 

-<C + 0 + eV)/kT 
j R M = c A e . (4) 

There are also electrons being thermionically re-emitted from the 
boundary back to each grain with 

-(? + 0 + eV^/kT 
JML = JMR " ! e <5> 

where eV. is the Fermi level difference between the boundary 
and the more negative grain. Equilibrium at V = 0 requires that 
eV. = 0 and that there be no net current. This leads to B/2 = cA. 
In steady state (V = V. ) the net current into the boundary must 
be zero. Using Eqs. (3), (4), and (5) this leads to the steady 
state value, 

eVj_ = kTln 2/(1 + e ~ e V / k T ) . (6) 

From this one can immediately see that y . = (kT/e)ln2<<V 
for V > 3kT/e(» 75mV at room temperature). Thus most of the 
voltage drop is across the right-hand depletion region as shown 
in Fig. 2. By summing the current components at any plane parallel 
to the boundary the dc current can be found. For example, 
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in the right-hand depletion region, 

Jdc " ( JLR " J R L ' + t JMR " JHM>' 

where the signs are determined by the fact that the current is 
opposite in direction to the electron flux. This yields 

-(C + 0 n)/kT 
Jdc = ( 1 " c / 2 ' A e 

1 - e-eV/kT (7) 

As the voltage approaches zero, the dc conductance becomes 

gdc,0 = ( 1 " °/2)(eA/kT)e B U . (8) 

From an Arrhenius plot of g. . vs. 1/T, one might attempt to 
deduce the value of 0 B Q . However, this is not as simple as it 
appears since 0 - is not in general the slope of that curve. 
First we note that the Fermi level c (or E__) of a semiconductor 
changes with temperature. For typical values of dopant densities 
this variation is linear up to several hundred degrees Celsius [3]. 
That is, e • bT where b = 1 meV/K for our Si samples (4]. Thus 
5/kT is constant and can be taken as part of the exponential 
prefactor. Treating this as constant, the slope of the Arrhenius 
plot is an activation energy [5], 

E f t - -d[ln (g d 0 ( Q)]/d(l/kT) - 0 B Q - T(d0 R O/dT) . (9) 

The value of the derivative term is non-negligible and often 

large. An example of this is shown in Fig. 3 where the measured 



zero-bias conductance exhibits an activation energy of 
E = 0.62 eV [6]. To compare this with the zero-bias barrier 
height, we note that 0_o can be determined independently from 
the high frequency capacitance, C„ F -, 

0BO " e 2 " o V 8 C H F , 0 ' l l 0 ) 

where eE Q is the dielectric constant and N is the donor density [6]. 
The values of 0 B n determined this way are also plotted in Fig. 3 
using the right hand ordinate. These data points show a significant 
change with temperature plus the fact that 0 . is much less than E . 

To quantitatively describe the variation of 0„ with both 
temperature and voltage we find expressions for the three charge 
densities of the bicrystal. Let Q , Q and Q be the charges per 
unit area of the left depletion, right depletion, and boundary 
regions respectively. Overall neutrality requires [5] 

Q L + Q R = " QB 

( 2 E E 0 N d ) 1 / 2 \0\/2 + <0B + e v ) 1 / 2 | = 

t 
v 

N T (E) f ( E , E p ) - f ( E , E p B ) | dE . (11) 



The left-hand side of this equation is obtained by solving 
Maxwell's first equation for the depletion widths and using 

Q L + QR = e V d L + d R) 

On the right-hand side NT(E) is the number of trap states in 
the boundary per unit energy per unit area and f(E,E„) is the 

r 

Fermi distribution function. The integral simply sums the excess 
charge when the Fermi level in the boundary is at E (relative 
to the valence band edge there). From Fig. 2 the value of E„ is 
given by 

EF = EFG " 0B ' e V l • ( 1 2 ) 

Using Eqs. (11) and (12) we have numerically solved for 0 (V,T) 
for many cases with assumed values of E__ and N, and assumed 
forms of N (E) [5]. 

Figure 4 illustrates typical variations of the zero-bias 
barrier height with temperature and grain doping density, at 
a given value of N the barrier height decreases with temperature. 
This is because E„„ is decreasing with temperature and reducing 
the difference between the boundary and grain neutral Fermi 
levels (Fig. 1A). Thus less charge transfer is required for 
equilibration. For all values of N. it is found that 0-. 
decreases nearly linearly with temperature. From Eq. (9) this 
predicts a well defined activation energy for g Q, that is, 
a straight Arrhenius plot. These E values are also shown in 
Fig. 4, and are seen to be much different than the values of 
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0_„ as discussed earlier for a specific case. For low values BO 
of N. the value of 0B« at fixed temperature increases with 
increasing N,. This is essentially because E increases also. 
As N. is increased, 0 peaks and begins to decrease. The d BU 
value of N. for which the peak occurs depends on the magnitude 
of N„. In fact, as can be seen from Eq. (11) , all solutions 

1/2 for 0 n- are scaled by the ratio of N_/N,' • Thus high values 
of N. may be thought of as low values of N„. Then, referring 
to Fig. 1, the decrease cf 0 „ is due to the fact that the excess 
boundary charge must be accommodated in a wide energy range of 
trap states. The activation energy is also seen to have two 
regimes depending on N,. For low N, the value of E is almost 
independent of N,. This is a general result and is experimentally 

20 22 -3 
observed in our Si bicrystals for N. - 5.7 x 10 to 1.0 x 10 m 
At large N there is a decrease of E . The sharpness of this 
decrease is very dependent on the functional form of N„(E). Also 
in this doping regime even small differences in N_ among boundaries in 
a polycrystalline specimen produce large differences in E and g. .. 

We now consider the variation of barrier height with applied 
voltage. As at zero bias, Eqs. (11) and (12) may be solved with 
hypothetical values of N (E) and EL to yield 0„ and by Eq. (7) 
the dc current density. We have found that different values anc1 

functional forms of N„(E) yield significantly different current-
voltage curves [5]. This feature can be exploited to directly 
determine the density of trap states N_(E) from the dc current-
voltage curves. The procedure is treated in detail elsewhere [5]; 
for simplicity of presentation we shal:. illustrate it only for 
V>>kT/e. If both sides of Eq. (11) are differentiated by V, 
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one finds 

kT I 

E c 

V V =if I NT(E)f'(E,EF)dE 

^ r > (13) 

where f is the derivative of the Fermi function with respect -D 

its total argument and 0* = d0„/deV. in the integral f'(E,E„) is 
a sharply peaked function about E_ which makes the integral value 

r 

depend most strongly on N(E„). Because of the finite width 
of f, "^kT, the result is really a thermal average of the trap 
density near E p. The barrier height is found from Eqs. (7) and 
(8) to be (for V>>kT/e), 

^B = ^BO • k T l n ( e Jdc / k T gdc,o' <14> 

From this 0' is given by. 

0B = - H « , (15) 

where a = d(lnJ, )/d(lnV) is the tangential slope of the cirrent-
voltage curve on a log-log plot (also called the varistor non-
linearity coefficient). An example of such a curve measured for 

22 -1 a silicon bicrystal of N d = 1 x 10 in at T = 310 K is shown 
in Fig. 5. The current is ohmic (a = 1) below about 0.OSV, 
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sub-ohmic (a < 1) until about 1.4 V, and Increasingly non-linear 
up to the highest applied voltage where a = 23. Also shown in 
Fig. 5 are the measured values of the high frequency capacitance. 
These are compared to theoretical values of C„„ Calculated by 
Eg. (10) from values of 0_ deduced from Eq. (14) . The excellent 
agreement demonstrates the correctness of the thermally activated 
current assumption. In Fig. 6 the density of states deduced from 
the dc current data is plotted a? a function of energy measured 
from the valence band edge. The values of energy are determined 
from Eq. (12) using eV, from Eq. (6) and 0„ from Eq. (14). Using 
this deconvolution technique no information about the densi'.y of 
trap states below the zero bias Fermi lsvel can be obtained. Thus 
the data start at E (V = 0 ) . In principle this technique could be 
used to identify specific trap energy levels associated with 
various impurities deliberately introduced into the grain boundary. 
Although N_(E) is rather broai3 for the bicrystal of Fig. 6, we 
have seen evidence of single trap levels in other grain boundaries. 

C. NON-STEADY STATE 
In all the discussion above we were describing the characteristics 

of bicrystals under steady state or dc conditions. We now turn 
to a consideration of ac properties, some of which are quite 
anomalous. For example we show in Fig. 7 the parallel equivalent 
capacitance of the same bicrystal for which N (E) was determined 

above. At 10 Hz and 279 K the capacitance decreases monotonically. 
5 At 10 Hz the variation is the same at low voltage, but the 

capacitance begins to increase slightly above 4 volts. At 302 K 
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this trend is accentuated, and by 321 K the capacitance at 10 Hz 
rises sharply from V = 0 and increases by a factor of 5 at five 
volts. These data were taken with a HP-4270A capacitance bridge 
which makes a 2-terminal measurement at the sample. However/ the 
contact effects for this sample are known and negligible. Also 
these effects have been confirmed by 4-terminal measurements using 
a PAR-5204 lock-in amplifier whose input was from high impedance 
buffer amplifiers with ac guarded cables [7]• In fact, careful 
4-terminal measurements at 10 Hz and 321 K show a change of 
capacitance with voltage by a factor of 25 [7]. 

To examine the cause of this anomalous capacitance change 
we consider the effect of slightly modulating the applied voltage. 
Let the total voltage be 

(16) 

where V is small (the small signal capacitance and conductance 
are found in the limit of V •* 0) . The key to understanding ac 
properties of bicrystals is to realize that the amount of charge 
in the boundary Q cannot instantaneously adjust to its new steady 
state value when the voltage is changed. There is a time constant 
T which determines how rapidly this adjustment occurs. An 
expression for T is found by calculating the net current Q_ into 
the boundary from Eqs. (3), (4), and (;>), and showing that it has 
the form 

Q„(t) - Q s s 
Q + _J B,,SS = Q ( 1 ? ) 
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where Q„(t) and Q_ _„ are the instantaneous and steady state 
B J3 , 3D 

values of Q„ for a given total voltage. This is just the 
JQ 

Debye relaxation equation, and T for our problem is found to be [7] 

(18) 

where T 0 is approximately independent of temperature and voltage. 
The solution of Eq. (17), for the voltage variation of Eq. (16) is 
given by 

°B = Q B ( V ) + ( QB,0 s i n u t ~ QB,90' , J' t' o o s w t l / ( 1 + "> 2T 2>' l19> 

where Q_ - and Q_ „. are proportional to V . The coefficients of D(U aty u ac 
sin ut and cos ti)t are the amounts of boundary charge which are in-
phase and out-of-phase respectively with the ac voltage. At high 
frsquencies (ID •+ ») and a fixed dc voltage V no additional charge 
enters the boundary. All charge transfer measured externally is 
simply shuttled between the edges of the depletion regions at 
d and d R (see Fig. 2). At lower frequencies some electrons 
from d_, for example/ stop at d , but some go into the boundary. 
The boundary is like a third capacitor plate,closer to d , and 
thus the capacitance C is expected to increase. However this 
geometric increase is limited to a factor of 2 or less. The 
large increases of C in Fig. 7 are caused by another effect. 
Since 0„ is determined by Q (Eq.(lD), and since the current 
passing directly over the barrier, J, - J ,, is determined by 
0B (Eqs. (1) and (2)), then from Eq. (19) each of these quantities 
has components varying as sin ut and cos at. In a parallel 
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equivalent circuit of a resistor and a capacitor with an ac 
voltage of V sin ait across the circuit, the resistive current 
varies as sin ojt while the capacitive current varies as cos ut. 
Thus the component of over-barrier current which is being modulated 
as cos cot appears as an equivalent capacitance. Although it is 
not the normal type of capacitance consisting of a displacement 
current, it nevertheless behaves functionally in a circuit in 
the same way. Details of our calculation:: -.-•- jivcn elrewbere 17] , 
but we note here that the capacitance and conductance of a bicrystal 
may be written as, 

C(u) = C H p + C^/(l + u 2T 2) , (20) 

g(u) = g d c + W 2 T C ^ / U + W 2 T 2 ) , (21) 

where C D is a temperature and voltage dependent quantity. The 
solid lines in Fig. 7 are calculated fits to the data which show 
that our model describes the ac properties of this bounda, y 
quite well. 

D. SUMMARY 
We have shown how a double depletion layer forms around 

a grain boundary and how the associated potential barrier changes 
with voltage. The assumption of thermally activated currents has 
been shown to be correct by comparing barrier heights obtained from 
dc currents and from high frequency capacitances. A method for 
determining the density of grain boundary trap states was discussed 
and applied to a specific Si grain boundary. Tlid model was extended 
to cover ac effects, including anomalously large capacitances. 
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FIGURE CAPTIONS 

Fig. 1. Energy band diagram for two semiconductor grains and 
their boundary region. Part A shows the grains and 
the boundary region schematically as they would be if they 
were isolated, neutral materials. Part B shows the band 
bending in the grains and the increased Fermi level in 
the boundary which occurs when the materials are joined 
and allowed to equilibrate at zero applied voltage. The 
thickness of the boundary, w, is a few atomic layers while 
that of the depletion layers, & and d , typically ranges 
from 100 to 1000 nm. 

Fig. 2. Energy band diagram for applied voltage. Application of 
a voltage across a bicrystal causes the depletion layer 
in the more positive grain to increase considerably, 
but to decrease only slightly in the more negative grain. 
The Fermi level in the boundary increases relative to E„ 
there, buc it decreases slightly by eV^ relative to the 
Fermi level in the more negative grain. 

Fig. 3. Conductance and barrier height versus reciprocal temperature. 
The zero-bias, dc conductance for a Si bicrysts.1 is 
plotted using the logarithmic, left ordinate scale; an 
activation energy of 0.62 eV is found. From this curve 
a zero-bias barrier height 0_ o is calculated and shown 
as the THEORY line using the linear, right ordinate scale. 
Experimental values of 0 . found from capacitance data 
are plotted as triangles. 



Fig. 4. Barrier height and activation energy dependence on N d > 

The values of 0 B n were calculated for the constant 
density of trap states shown and using the Fermi level 
variations for Si from Ref.4. E f t was computed from 
Eq. (9) . These results are not directly applicable 
to our Si bicrystals since a constant NT(E) is a bad 
approximation below their Fermi level at zero voltage. 

Fig. 5. dc current and high frequency capacitance versus applied 
voltage for a Si bicrystal. The dc current across the 
grain boundary is plotted logarithmically using the left 
ordinate scale. Also plotted as circles on this graph is 
the measured, high frequency capacitance per unit area 
using the linear, right ordinate scale. The solid line 
through those points is the capacitance calculated from 
the N„(E) deduced from the I-V curve (see Fig. P). 

Fig. 6. Density of grain boundary states versus energy. The 
density of trap states in the 'Ji grain boundary deduoprl 
from dc I-V data is plotted as a function of energy measured 
from the valence band. Information about N (E) is only 
available at energies above the equilibrium Fermi level 
(at 0.57 eV) . 

Fig. 7. Bicrystal capacitance versus voltage at several temperatures. 
The data at 10 Hz are typical for high frequency capacitance 
and essentially depend on the total depletion width of the 

5 grain boundary barrier, see Eq. (10). At 10 Hz there 
are anomalously large increases of the capacitance 
which occur at lower voltages as the temperature increases. 
The solid lines are the variations calculated from 
Eqs. (18) and (20). 
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