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NOTATION 

f 
slope of semi-log g(W) plot 
arbitrary constant 

B constant dependent on device parameters, (wblla) 
d thickness of the silicon dioxide 
l dielectric constant for amorphous silicon 

em dielectric constant for silicon dioxide 
&NV sheet conductance of channel 

ID drain to source current of TFT 
P(X) charge density 
5(x) band bending parameter, eV 

II.9 CL, mobility of electrons and holes in the extended states 
I channel length 

4 P carrier concentration for electrons and holes No./cm’ 
nbb, pb carrier concentration into the tilm where no band bending 

occurs 
1) q&x /(dkkT) 

NT number of localized states per cm3 per eV 

“It thickness of the amorphous silicon film 
drain to source voltage 

VG gate to source voltage 

; 
width of channel 
the potential between the gate and any point in channel 
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Ah&act--The volt-ampere characteristics for a thin film transistor fabricated with vacuum de 
silicon as the semiconductor is presented. The substrate is single crystalline silicon with a 3800 I? 

sited amorphous 
layer of thermally 

grown silicon dioxide as the insulator. The gate is a buried N’ phosphorus diffused region while the source and drain 
contacts are interdiited fingers of aluminum. By using the Cohen-Fritz&s-Ovshinsky model for the density of 
local&d states in the mobility gap, the V, vs 1, characteristic at small values of VD is predicted and experimentally 
verified. This characteristic is used to theoretically predict the family of In curves for the TFT over a range of V. 
and V, The theory and experiment agree exceptionally well below the gate-drain pinch-off, thereby verifying the 
theory of a TFT with a uniform distribution of traps in the band-gap. 

INTRODUCTION 

The thin tllm transistor (TIT) has been under almost 
continuous investigation and development since the early 
1%0’s, although its first patent application was tiled in 
1925 [l]. Weimer [2] produced the 6rst practical device and 
since then considerable effort has been put forward to 
improve and optimize its performance. It is still desirable 
to produce an all-thin-film integrated circuit on a highly 
insulating substrate, thereby reducing parasitic losses and 
spurious coupling between elements. 

Several of the early TFT’s used CdS as the semiconduc- 
tor due to an extensive knowledge of its properties and 
fabrication processes developed in the research on photo- 

tThis work was supported in part by NSF-MRL Grant No. 
GH33574-A3. 

conductors. Other materials used were CdSe, Te, Zn?, 
and Snot. Most semiconductors, either compound or 
elemental should produce devices provided that the sur- 
face and bulk states are not too large. However, the 
requirements for a stable and ionic motion free insulator 
compatible with the semiconductor eliminate a number of 
the possibilities. 

In recent investigations van Calster and Pauwels[3] 
have considered the theoretical inthrence of surface states 
and bulk traps on the TFI drain characteristics, while 
QeMassa and Refioglul41 have considered the case of 
exponentially distributed trapping centers in the semicon- 
ductor. In each case the effects on the drain current 
characteristics were calculated from a given model for the 
trap distribution or mobility function. 

The purpose of this paper is to present the fabrication 
results and the theoretical analysis of a TFT using 
amorphous silicon as the semiconductor and thermally 
grown silicon dioxide as the insulator. Since the electrical 
conduction and bulk state properties of amorphous silicon 
have been recently explained[5,6], a good theoretical 
model for the drain characteristics can be derived. We, 
therefore, demonstrate the possibility of a TFT with a 
uniform distribution of bulk states in the band gap of the 
semiconductor, in particular the case where the semicon- 
ductor is amorphous. 

DEVICE FABRICATION 

Figure 1 illustrates the cross section and top view of a 
completed amorphous silicon TFT. The substrate is a 
l-inch wafer of (lOO)-oriented single crystalline silicon of 
N-type doping to a resistivity of 5-25 Q cm. Throughout 
fabrication, appropriate procedures were exercised so as 
to reduce sodium ion contamination[fl. This is necessary 
to prevent ionic motion in the insulator and hence hys- 
teresis and other instabilities in the u - i characteristics. 
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Fig. 1. Cross section and top view of a completed amorphous silicon TFT. 

The substrate is first oxidized at 1200°C with zero grade 
dry oxygen flowing and a 3000 A layer of SiOt is produced 
on the surface. This oxide is photolithographically etched 
with windows of 105 mil by 105 mil. Phosphorus is depo- 
sited for 20 min at 1000°C to form a 0.5 p deep N’ buried 
gate. The remaining oxide was completely stripped from 
the surface and a new high quality-low leakage oxide was 
thermally grown. This layer of SiOl serves as the insulator 
for the TFT. 

silicon[8]. Similar but much thicker films were determined 
to be amorphous under these fabrication conditions by 
X-ray diffraction and by heating the 7OOA fllrn until an 
abrupt change in the conductivity was observed. 

The silicon-silicon dioxide substrate was then placed in 
a vacuum system equipped with an optically opaque 
liquid-nitrogen cryo-bathle. When the vacuum system 
reached its base pressure, the surface of the substrate was 
thermally etched by heating it to 300°C for one hour and 
then allowed to cool back towards room temperature. The 
amorphous silicon was electron beam evaporated im- 
mediately following the thermal etching and cooling. This 
step eliminated any hysteresis effects [7]. 

Five nines pure aluminium was evaporated over the 
entire structure and then selectively photolithographically 
etched to form the source, drain, and gate contacts as 
shown in the top view of Fig. 1. There were 40 interdigited 
fingers of 65 mil in length with 1 mil width and 1 mil 
spacing. Since the Si film was only about 600 A thick and 
its resisitivity[9] is high (10’ n-cm), the interdigited 
source-drain contact structure was used to increase the 
width to length ratio of the channel and allow a significant 
drain current to flow at zero gate voltage. The completed 
structures were tested for insulator leakage and instability 
before measuring the drain characteristics. 

RESULTS 
The deposition rate of the amorphous silicon was Figure 2 illustrates the drain current (ID) vs drain 

controlled using a water cooled quartz crystal deposition voltage ( VD) for various values of gate voltage ( VC). This 
monitor. Amorphous silicon films nominally 500 to 700 A data is obtained for a TFT made from a 56OA thick 
thick were deposited at rates from about 3 to 5Alsec. amorphous silicon film deposited at 3.2A/set onto the 
Immediately after deposition the substrate was heated to 3OOOA thick SiOt substrate followed by a 400°C anneal 
400°C and the amorphous film annealed for four hours for 4hr. Note that the drain characteristics ID vs 
without breaking vacuum. This anneal temperature is well VD for a lixed value of VC appear quite similar to an 
below the crystallization temperature for the amorphous ordinary MOSFET. As the drain voltage, Vo, is increased 
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Fig. 2. Experimental and calculated drain characteristics for sample SS2. 

ID increases but begins to saturate at larger values of VD, 
indicating a channel pinch-off type condition. At these 
larger values of VG and VD there appears to be a channel 
shortening phenomenon or a leakage component present 
giving the beyond pinch-off region a slight slope to the 
straight line part of the plot. 

The other important relationship for a field effect 
structure, the experimental VG vs ID at a very small value 
of VD, ideally near zero, is shown in Fig. 3. This plot is for 
both positive and negative values of gate voltage, showing 
that the channel conductance can be modulated with 
either extended state, high mobility electrons or holes. 
Since the mobility for holes is less than that for electrons, 
this paper will concentrate mainly on positive gate vol- 
tages, or conduction via extended state electrons. The 
theoretical analysis and interpretation of Fig. 3 in terms of 
the density of localized states near the Fermi level is 
discussed in detail in Ref. [6]. 

SMPLE THEORY 
The development of the theory for an amorphous 

silicon TFT can be made along two lines. One is a very 
simple derivation based on the gate voltage channel 
conductance relationship of Fig. 3 and the other a more 
formal derivation. We shall tirst develop the simple theory 
and then show that an approximation to the formal theory 

SSE Vol. 19 No. 8-E 

leads to the same results, both of which are confirmed by 
experiment. 

Tickle111 shows that when only interior conduction 
occurs in the channel and when the gradual charmel 
approximation is valid, the drain characteristics can be 
calculated using eqn (1). 

ID =+ f” g(W) dW. (1) 

The function g(W) is the sheet conductivity of the 
channel as a function of W, the potential ditIerence 
between the gate and any point in the channel. Inspection 
of Fig. 3, for gate voltages of greater than about 50 V to 
less than 100 V, shows that the plot is nearly a straight line 
on the semi-log plot. This implies that an exponential 
relationship would describe the g(W) function, since VD 
is small compared to the gate voltage and is kept constant. 
Therefore, the potential difference becomes approxi- 
mately equal to VG in this range of voltages. By inspec- 
tion of Fig. 3, the desired relationship can be written as 
eqn (2), where “a” is a function of the slope of the 
straight line portion of the plot and “b” is an arbitrary 
constant that will depend upon the carrier mobility, 
temperature, and geometrical factors of the device. 

g(W)ib eaw. (2) 
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Fig. 3. The experimental plot of ID vs V, for a small fixed value of V, for both positive and negative gate voltages. 

Substituting the approximate relationship of eqn (2) into 
eqn (1) yields: 

wb 
ID e z [e ““0 _ $("c-"d]= B eavo[l-e-""D] (3) 

where B is a constant dependent upon the device parame- 
ters. 

The functional relationship of eqn (3) for the drain 
characteristics of the device show that for a tixed VG that 
4 will saturate at large values of VD. It should also be 
noted that eqns (1) and (3) only apply to the condition 
when the channel near the drain has not become pinched- 
off. The constant “a” in eqn (3) can be obtained from the 
slope of Fig. 3 for 501 VO 5 NOV. It can also be ob- 
tained from Fig. 2 for a fixed value of VD since as 
indicated by eqn (3), if VD is fixed then ID is an exponen- 
tial function of Vo. Figure 4 illustrates this case for two 
fixed values of VD. The plots are identical ,except for a 
small leakage current component at the larger of the two 
drain voltages. For device S52 the value of “a” obtained 
from the slope of Fig. 3 is 0.102 with an uncertainty of 
+0.002 while at least squares fit to the experimental points 
of Fig. 4 at VD of 20V yields a value of 0.1018. Also 
plotted in Fig. 4 is a comparison of the relationship as 
calculated from eqn (3) and the experimental points taken 
from Fig. 2, at a fixed value of VD equal to 20 V. This plot 

shows the exponential relationship indicated by eqn (3) 
with a fixed value of VD. 

Figure 2 shows a plot of the family of calculated output 
characteristics for sample S52 using eqn (3), where the 
arbitrary constant “B” was obtained from 

Zn = 31.2 x 10-b eo.lOlsvO[l _ e-O.lOISvDI (4) 

one point on either Fig. 2 or 4. The plots were calculated 
from eqn (4). This derivation is based on below pinch-off 
operation and that the exponential relationship is valid. 
Hence, for gate voltages less than 50 V eqn (4) becomes 
invalid as is indicated by the dashed line of Fig. 2. Figure 5 
illustrates a similar plot of the experimental and calcu- 
lated data for gate voltages to as low as 54.6 V and with an 
expanded scale near the origin. Each device tested was 
modeled with similar accuracy. Other examples are 
shown in Fig. 6 and 7 for devices with diBerent densities 
of localized states in the bandgap produced by changing 
the rate of evaporation of the amorphous silicon. 

TERORY 

Most of the basic theory for the TFT is based upon the 
theoretical explanation and experimental verification of 
the g(W) plot similar to Fig. 3. These calculations have 
been presented by the authors in detail in Ref. [6] and will 
be only briefly described here. The analysis assumes that 
the density of localized states model for amorphous 
silicon is that proposed by Cohen-Fritxsche- 
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Ovshinky[9]. This model for the density of electronic 
states provides for extended state conduction, which is 
similar to the valence band and conduction band of 
crystalline semiconductors, and for tailing of these bands 
due to the lack of long range order in the material. Nearest 
neighbor tetrahedral bonding is preserved and to some 
extent next nearest neighbor, with most of the disorder 
coming in the form of bond angle deviations. In their 
model these tails of localized states may have significant 
overlap. By assuming that these localized states, NT, 
overlap in such a way that they are in effect uniform 
throughout the bandgap, it has been shown[71 that the 
plots of 1, vs Vo, at a small fixed value of VD, can be 
calculated for positive as well as negative gate voltages 
and at various temperatures. The calculated and experi- 
mental plots agree well over a range of positive and 
negative gate voltages, as well as temperatures. 

The derivation begins with the definition of the energy 
band bending parameter t(X) which measures the amount 
the electron energy bands have bent from their fixed bulk 
level as the amorphous silicon-silicon dioxide interface is 
approached. 

The x-axis is chosen at this interface and x increases 
into the amorphous silicon. For positive gate voltages the 
electron energy band is bent downward at the surface and 
r(X) is taken as a positive quantity. 

Applying Poisson’s equation for the case of NT being 
independent of energy, i.e. a uniform distribution of 
states, yields eqn (5). 

This equation is easily solved for t(X) and shows the 
band bending to be exponential. 

5(X) = I(O) ev (-Lx). (6) 

The value of L is given by eqn (7) where a larger density 
of states 

L = q2NT “’ 
(-> l 

leads to a smaller active channel thickness for a given 
l(O), the value of the band bending at the surface. 

Typical values of NT might be as large as lO%m’ eV 
yielding a l/L of 25.8 A. Therefore only a small part of the 
600 8, amorphous silicon film has sign&ant band bending 
and hence conductance modulation. The silicon dioxide 
thickness is 3000 A; therefore, the semiconductor capaci- 
tance is much larger than the silicon dioxide capacitance. 
Since these capacitors are in series we can use arguments 
similar to that for a MOS structure to show that the 
potential difference, W, between the gate and any point in 
the channel can be written in terms of the band bending 
parameter at the surface, & = e(O). 

The silicon dioxide thickness is d and the dielectric 

constant zox. Since the potential difference W will vary 
along the channel, so will & and vice versa. 

The sheet conductance of the total high conductance 
channel is 

and with no gate voltage applied is given by eqn (10) 
where t is the thickness of the amorphous silicon film. 

(10) 

From Fig. 3 it may be seen that the change in sheet 
conductance, AG, = G, - G,o, in the region of interest is 
over 3 orders of magnitude. By assuming the extended 
state conduction of obey Maxwell-Boltzman statistics we 
can write 

(11) 

From eqn (8) the band bending parameter at the surface 
can be written in terms of the potential as 

q WEOX 
5s =z (12) 

Equation (11) then becomes the basic relationship of 
g(W)= AG, needed for the calculation of the drain 
current using eqn (1). Substituting eqn (11) into eqn (1) 
yields eqn (13). 

+qllpPb 
I 

f~cw)exp [-tJ/kT] - 1 
L II I 

d,$ dW. 
I 

(13) 

With a large positive gate voltage the second term of the 
above equation becomes negligible, especially when there 
is a significant amount of band bending to create a large 
conductance modulation. Equation (13) can then be ap- 
proximated as 

+!l,:p_, [~lo”W’eXP[f:kT]-‘dS]dW (14) 

The inner integral cannot be easily evaluated without the 
aid of a digital computer and numerical integration techni- 
ques. However, it can be approximated by a power series 
and then integrated as follows: 

With the aid of eqn (12) and the definition of 7 

-= k5;. -&w=,w (16) 
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the sheet conductance change can be written as eqn (17) 

Now eqn (17) can be substituted into eqn (1) and integ- 
rated. 

(18) 

Therefore the drain characteristics can be written in terms 
of the infinite series. 

To verify eqns (17) or (19) it is necessary to know the 
product p&b, not an easy task for amorphous materials. 
One could assume p,, to be nearly that of single crystal- 
line silicon and then attempt to determine nb from an 
independent experiment for the conductivity. However, 
as in most FET analyses p” is not the bulk mobility and 
must be an assumed value and is dependent upon the 
normal and longitudinal field. Since the semiconductor 
material is amorphous and shows no long range order the 
subject of the surface and the mobility dependence with 
electric field is open for consideration. Here we select pnb 

as a constant necessary to fit the experimental data at one 
point. 

For sample S52 illustrated in Figs 2-5 NT = 9 x 1OL9 
(from Ref. [6]), d = 3000 A, l/L = 27.157 A, eoX + 4~0, and 
E k 12~0. Then n calculates to be equal to 0.1167 for this 
device. A plot of eqn (15) is illustrated in Fig. 8 for S52 
over the range of gate voltages of interest. Note that it 
plots as a straight line on the semi-log plot between gate 
voltages of 50-1OOV. Also plotted is the straight line 
portion of Fig. 3, the experimental data, for sample S52 to 
show that the simple assumption of g(W) to be an 
exponential relationship is quite good. When the “a” term 
of eqn (3) is obtained from the s-plot of Fig. 8, a = 
0.100~0.002 as compared to 0.102 +0.002 from the ex- 
perimental data. Both of these agree very well with the 
value a = 0.1018 used in eqn (4) and plotted in Figs. 2 and 
5. 

Equation (19) can be calculated using the same parame- 
ters, and the results are in excellent agreement with the 
experimental data. Figure 5 illustrates several of the 
calculated and experimental points for VO = 83.4 V over a 
range of VO. Note the general agreement between the 
theory and the experiment. Also plotted in Fig. 5 are 
calculated values of ID for VD fixed at 20 V for a range of 
gate voltages from 54.6 to 83.4 V. This shows that eqn (19) 
can be used to accurately calculate the entire set of ID 
characteristics using one selected value of pnnb. 

CONCLUSIONS 

The drain characteristics for a thin film transistor with a 
uniform distribution of localized states in the band gap 
have been calculated and verified experimentally. An 

ID 

0+ 

IO 20 30 40 so so 70 so so loo I 

VG 
Fig. 8. The S-plot of eqn (11) for sample ,952 and the straight line 

portion of Fig. 3. 

amorphous silicon TFT was shown to be possible using a 
buried Nf region for a gate and silicon dioxide as the 
insulator. The amorphous silicon was electron beam 
evaporated and the rate carefully controlled so that the 
density of localized states can be kept small enough to 
observe any significant conductance modulation. 

The simple theory, obtained by assuming an exponen- 
tial relationship between VO and the channel conduc- 
tance, fits the experimental data surprisingly well. The 
data fits over a large range of VO and VD out to the 
“pinch-off” of the channel. A more complete derivation 
shows that the exponential assumption is justified in the 
range of VO considered since the infinite series solution 
plots as a straight line of the semi-log scales. In addition 
the “a” obtained by the experimental data agrees very 
well with the calculated value. Calculating the drain 
characteristics directly from the intinite series solution 
leads to little, if any, improvement over the simple 
solution; both of which agree well with the experimental 
data. 

It should be stated that the TFI’s reported here have in 
no way been optimized in geometry or for larger conduc- 
tance changes that could be obtained from a thinner oxide 
or from hydrogen incorporation into the amorphous sili- 
con during fabrication [ 101. 
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