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Spatial resolution of optically addressed spatial light modulators (OASLMs) is degraded by several
different transfer processes in these devices. We have developed a general transient charge transport
model to calculate and simulate the resolution limits of OASLMs due to the following charge
spreading mechanisms during the transfer process in which the input image is converted into a
particular charge distribution in the photosensor layer. (i) The effect of charge drift in the
photosensor bulk on resolution increases with the thickness of the photosensor and the
light-modulating layers. It also increases with the total amount of photogenerated charge collected
at the interface. (ii) The effect of charge diffusion in the photosensor bulk on resolution is largely
independent of the carrier mobility in the semiconductor photosensor. In most cases the
corresponding spatial frequency fsgq is proportional to \/V_sc/dsc, where d. is the photosensor
thickness and V is the voltage drop in that layer. To have high-sensitivity OASLMs the transit time
of charge carriers from the photosensor bulk to the interface must be much shorter than the
recombination lifetime. (iii) The effects that charge drift, diffusion, and trapping at the
photosensor-light-modulating layer interface have on resolution depend strongly on the interface
properties. Decreasing the mobility or the trapping time of charge carriers at the interface can
dramatically improve the resolution of OASLMs. The resolution ranges from 3 to 875 line pairs/mm
for respective diffusion lengths of 10 to 0.1 wm at the interface. The combined effect on resolution
from each of the charge spreading and other resolution-degrading mechanisms is also

discussed. © 1995 American Institute of Physics.

l. INTRODUCTION

Optically addressed spatial light modulators (OASLMs)
are real-time optical signal transducers. The output from
these devices is spatially and temporally modulated by the
input image. There are several different OASLM structures
including liquid crystal (LC)-semiconductor devices,'™* mul-
tiple quantum well (MQW) modulators,>® and Pockels read-
out modulators (PROMs).”® Their applications include high
resolution displays, image processing, and optical
computing.” In these devices electron-hole pairs are gener-
ated by the incident photons in the photosensitive layers.
They are separated by the applied electric field and accumu-
late at the semiconductor-LC interface or semiconductor-
dielectric mirror interface in the LC OASLMs, or two oppo-
site semiconductor-dielectric interfaces in MQW modulators
and PROMs. The electric field in the modulating layer is
determined by the interface charge, or bulk charge distribu-
tion. The output light beam passing through the modulating
layer is modulated accordingly. The modulating layer may be
the L.C or the photosensitive layer itself.

One of the crucial performance parameters in these de-
vices is spatial resolution. It is determined by several transfer
processes which include the transfer characteristic of input
image modulation to interface or bulk charge distribution, to
the voltage distribution, and finally to the output image
modulation. Various models have been developed to predict
and evaluate the theoretical resolution limits. Modulation
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transfer functions (MTFs) from input image to output image
in PROMs have been successfully simulated by considering
the fringing field effect, or drift of charge carriers in the bulk
semiconductor layer.' Another charge-transport model has
also been developed that takes into account charge drift and
diffusion effects that occur during steady-state operation of
MQW modulators.!! If the charge spreading effects are neg-
ligible, then electro-static models'?™ can be used to evaluate
the resolution of OASLMs based on the transfer process
from interface, or bulk charge distribution to voltage distri-
bution, which give the thickness-dependence of MTFs. One
such model has been developed to include devices with
multi-layer structures.'* Similar to the electro-static models,
the voltage distribution at the semiconductor-L.C interface
can also be calculated by considering the conductivities of
the LC layer and the dark and the illuminated regions of
semiconductor layer in OASLMs."

Since the charge carrier generation and accumulation
from the input image involve various charge transport pro-
cesses in the bulk region and at the interface, it is expected
that charge spreading is inevitable in these processes and it
will deteriorate the spatial resolution of OASLMs. In some
LC OASLMs'® the measured MTF curves fit the electro-
static model'? very well. This indicates that the resolutions of
these devices are limited by the transfer process from charge
distribution to voltage distribution. In other devices with
similar structures,>!? the measured resolutions are much
lower than the predictions from the electro-static models, and
appear to be limited by charge spreading effects. Usually L.C
OASLMs and MQW modulators are operated under ac elec-
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tric fields with 1-100 kHz frequencies. The charge distribu-
tion in the photosensitive layer varies with time, as does the
voltage in the light-modulating layer. Therefore it is crucial
to model the transient charge transport and understand its
effect on resolutions of OASLMs. In this article a compre-
hensive charge transport model is developed for OASLMs
that do not have patterned pixels. It includes charge diffusion
and drift in the bulk region and at the interface. Effects of
charge carrier recombination and trapping during the trans-
port process are also discussed. The model does not predict
the charge spreading effect that occurs when the OASLMs
are operated near the saturation regime, in which highly non-
linear charge transport processes may occur. The model is
restricted to the two-layer structure for the purpose of ana-
Iytical tractability, but it can be generalized to a three-layer
structure that is completely suitable for three-layer MQW
modulators. It is difficult if not impossible to solve a series
of three-dimensional rate equations regarding the charge
transport process. Instead the charge transport is divided into
several separate processes and the effect of each process on
resolution is calculated and compared. The fringing field ef-
fect is discussed first. It deals with drift of the charge carriers
in the bulk region during their transit. The effect on the spa-
tial resolution of charge diffusion in the bulk is discussed by
solving the two-dimensional rate equations. Finally, charge
carrier transport at the interface between the semiconductor
and the dielectric or LC layer is described with a simple,
analytic model, and also with a complete numerical model.
The MTF, which is suitable for the linear bulk diffusion ef-
fect, and an effective MTF, which is defined in this article for
the nonlinear fringing field effect and the charge spreading at
the interface, are used to characterize the effects of these
processes on the resolution of OASLMs. The contrast trans-
fer function (CTF) is also discussed (in Appendix A) for
comparison and completeness.

In Sec. II the details of the charge spreading mechanisms
are given, and methods to characterize them are introduced.
The effect of fringing fields is discussed in Sec. III, followed
by the evaluation of diffusion in the bulk in Sec. IV. Section
V concentrates on charge spreading at the interface, followed
by a discussion. and conclusions in Sec. VL.

Il. CHARGE SPREADING MECHANISMS AND THEIR
CHARACTERIZATION

The development of the theory and modeling is based on
a LC OASLM structure, but the results are applicable to
MQW modulators and PROMs as long as some modifica-
tions are made. These will be discussed in relevant sections.

A schematic diagram of a typical LC OASLM is shown
in Fig. 1. The device consists of a photosensitive semicon-
ductor layer and a LC thin film. They are sandwiched be-
tween two transparent electrodes. In devices with crystalline
semiconductor photosensors the semiconductor is usually
undoped or slightly doped in order to be fully depleted dur-
ing operation.l'18 The devices are driven in alternating write
(charge depletion) and reset (charge accumulation) periods of
a square wave. At the beginning of the write period most of
the applied voltage is dropped across the depletion region in
the semiconductor layer. The amplitude of the voltage across
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FIG. 1. Schematic cross section of an optically addressed spatial light
modulator. The thicknesses and dielectric constants of the semiconductor
and liquid crystal layers are d,., d,., €., and €., respectively.

the LC is small. When the write light is incident on the
device electron-hole pairs are generated by incident photons
in the depletion region and separated by the electric field.
Some of the charge carriers are deposited at the
semiconductor-LC interface, while the opposite-sign charge
carriers drift toward the electrode. The voltage across the LC
is spatially modulated as a consequence of the charge distri-
bution. Therefore a readout light beam passing through the
LC film will be modulated accordingly. In the reset period
the interface charge is swept out by the applied reset electric
field and recombines with opposite-sign carriers in the bulk
region and at the electrode. Any charge image created in a
previous write period is completely erased at the end of the
reset period. In some hydrogenated amorphous silicon {(a-
Si:H) OASLMs the semiconductor layer has a p-i-n struc-
ture with the n layer at the LC interface.? These OASLMs
are operated in the same way except that in the write period
the initial voltage across the LC film can be adjusted by
changing the applied voltage in previous reset period.'*20
Charge carriers deposited at the L.C-a-Si:H photosensor in-
terface are  electrons. Because the electrons, which have
much higher mobilities than holes, are carriers which are
transported through the photosensor, this configuration re-
sults in devices with shorter response times than the reverse
configuration (n-i-p). :

In the write period the photo-generated charge carriers
drift under the electric field that is determined by the applied
voltage and interface charge distribution. Therefore the car-
riers follow the electric field lines and are deposited at the
interface.>'° Usually the electric field is not uniform and the
field lines are not perpendicular to the electrode/interface
anywhere due to the existing spatially varying charge distri-
bution at the interface. Thus even though the spatial distri-
bution of photo-generated charge carriers may be exactly
proportional to the intensity pattern of the input image the
resulting interface charge will deviate from the original input
light intensity distribution due to this fringing field effect.
The lateral electric field moves charge carriers from high
concentration regions to low concentration regions. This re-
duces the modulation depth of the interface charge distribu-
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tion, and therefore the overall spatial resolution of the device
decreases.

Other charge transport processes in the bulk region are
diffusion and recombination, which occur during the transit.
Diffusion is caused by the nonuniform distribution of photo-
generated charge carriers in space. These carriers also recom-
bine with opposite-sign charge carriers. These processes fur-

1 i Te: intarf,
ther reduce the modulation depth of the resulting interface

charge distribution.

The surviving charge carriers arriving at the interface
may diffuse and drift laterally due to the existence of charge
nonuniformities and lateral electric fields until they become
trapped by interface states or induced opposite-sign charge
from the LC. This charge spreading process strongly depends
upon the properties of the interface and will be discussed in
detail in following sections.

In any of the above charge transport processes an input
charge distribution which is symmetrical about the z axis or
an even function of the coordinate x results in a final charge
distribution that keeps the same paﬁty due to the symmetry
of the device structure about the z axis. In the following
sections it is implicitly assumed that the input charge distri-
bution for each transport process is a periodic, even function.
Therefore the resulting charge distribution must be an even
function having the same period. Such a function can be
expanded in a Fourier cosine series. :

One of the common ways to evaluate the resolution char-
acteristics in an optical imaging system is the MTF measure-
ment with sinusoidal input.?! The MTF is the ratio of the
modulation in the output image intensity to that in the input
image intensity, and it usually decreases with spatial fre-
quency. We can apply the same principle to the charge trans-
port process and use the MTF to characterize the effects of
charge spreading on OASLM resolution. The MTF, however,
is well defined only for a linear transfer process, such as the
bulk diffusion. Charge spreading due to drift, both in the
bulk and at the interface, are generally nonlinear processes
due to the presence of charge-induced fields. The MTF is no
longer strictly valid for these processes, but we can still use
the MTF concept to evaluate the charge spreading effects by
defining an “effective MTF”. For an input charge distribu-
tion or a charge generation rate having a sinusoidal-wave
shape with modulation of m;,, we define the average and the
first harmonic amplitudes in the output charge distribution as
Nouwo and N, respectively. Then the effective modulation
in the output charge is given by m,,, =N ,,)/N gm0 The effec-
tive MTF for this charge spreading process can be defined as

MTE, g=myy/m;, . The definition of MTF, is consistent with .

the small amplitude modulation approximation in which the
higher order harmonics in the output are neglected. The
MTF depends upon the average input charge density and
its modulation m;,. The MTF.g reduces to the MTF for a
linear transfer process. Both the MTF and the MTF., ¢ will be
used in the following sections.

The CTF could also be used to characterize the charge
spreading effects. We have found in carrying out the numeri-
cal calculations of the following sections that the CTF and
the MTF,¢ give very similar results. Therefore we use only
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the MTF, ¢ and relegate the definition and numerical calcu-
lation results for the CTF to Appendix A.

lll. FRINGING FIELD EFFECT .

In order to isolate the fringing field effect from other
charge transport processes and to investigate it alone, the
following assumptions and facts have been made and re-
stated:

(1) The bulk semiconductor region is electrically neutral.
This assumption holds well only in crystalline semicon-
ductors with low doping. In a-Si:H and some other semi-
conductors photo-generated holes are immobile or have
very small mobilities. This creates space charge, which
complicates the voltage distribution.

(2) Charge carriers are generated at the semiconductor-
electrode interface. This assumption is valid if the input
light beam is incident from this side and the absorption
length is small compared with the semiconductor thick-
ness.

(3) The path that charge carriers follow as they drift towards
the interface is along the electric field lines that are built
up by previously accumulated interface charge. This fact
is justified by the linear relationship between drift veloc-
ity and electric field v=ukE.

(4) Charge carriers generated at the same time will arrive at
the semiconductor-L.C interface simultaneously. This as-
sumption is valid if the lateral (i.e., parallel to the sur-
face) electric field in the bulk region is small compared
with the vertical component. The transit time is rela-
tively uniform across the entire active area. This does not
necessarily mean that the effect of fringing field on reso-
lution becomes small when the lateral electric field is
reduced, as will become evident in following discussion.

(5) Once charge carriers arrive at the interface they stay
there permanently, i.e., until the reset period. The charge
distribution at the interface is calculated iteratively fol-
lowing the above assumptions and facts.

The periodic interface charge carrier concentration N(x)
with fundamental radial spatial frequency v may be ex-
pressed as

N(xv)=N0+ 21 N, cos (_n?x), (1

where Ny and N, are the average and nth Fourier-cosine
component in the carrier distribution. Using Poisson’s equa-
tion, the electric potential V{x,z) in bulk region is found to
bel2

VO( €.zt e‘scdlc) + qNO(dscdlc - zdlc)
Elcdsc + e:s.r:dlc

Vix,z)=

i N,
+> A, % sinh [nv(d, —z)]cos(nvx),
n=1

(0=z=d,.). 7 (2
The corresponding electric field is given by
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Ex(x,z)='§1 gN,A, sinh [nv(d,—z)]sin(nvx) (3a)

and
X cosh [nv(d;.— z)]cos(nvx), (3b)
where
1
An= T osh (nvd.) T &, sinh (nvd,.)/ tanh (nvdy)’
n=1,2,3,.... @

V, is the applied voltage in the writé period, and d,., d,.,
€., and €, are thicknesses and dielectric constants of the
semiconductor and LC layers, respectively. The parameter g
is the electronic charge, and it is positive for holes and nega-
tive for electrons. Any dielectric anisotropy in the semicon-
ductor and LC layers is neglected.

The slope of lines of the electric field, including the
fringing field, is the ratio of the x component to the z com-
ponent of the electric field. Because the carriers follow the
field lines, the effect of fringing fields or drift in the bulk, on
resolution is independent of the carrier mobility in the semi-
conductor. From Egs. (3) and (4) we can see that £, (x,z) is
relatively constant with position x if the relative spatial
variation in the interface charge N(x), N,/N, for all n, is
much smaller than one. On the other hand, the amplitude of
E (x,z) increases with spatial frequency, and saturates when
the spatial frequency is so high that »>minimum of
(2ald,. ,2wld,;.). The amplitude of E (x,z) also increases
with decreasing the distance z, and reaches its maximum
value at the interface:

i gN, sin (nvx)
=) € coth (nvd,)+e€, coth (nvdy)’

)

Thus the effect of fringing field on resolution increases with
spatial frequency, and saturates when the spatial frequency is
very high. The fringing field effect is most significant near
the interface.

The electric field lines z(x) can be found from integrat-
ing the following equation

dz(x) _ E.(x,2)
dx  EJ(x,z) ©)

E (x,z=0)=

The result is given by
N,

> A, gnvn { cosh [nv(d,.—z)]sin(nvx)
n=1

— cosh [nw(d,.—z¢)1sin(rvxg)} +Ag(x—xp)=0 (7)

where
_ Vo€ +qNod), ®
’ Elcdsc+6scdlc ;
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FIG. 2. Calculated electric field (continuous) and equipotential {dashed)
lines in the semiconductor region created by a sinusoidal interface charge.
The thicknesses of the semiconductor and liquid crystal layers are d,,=3
um and d;,=1 pm, respectively, and the respective dielectric constants are
€,.=12¢ and g.=4¢,, where g is the permittivity of free space. The ap-
plied voltage is 10 V, and the average and the first Fourier harmonic of the
charge density at the interface are Ny=0 and N,=30 nC/cm?, respectively.

In Eq. (7) (xp,zp) is a point on a specific electric field line
and (x,z) is a corresponding point along the same line. Fig-
ure 2 shows the electric field and equipotential lines in the
semiconductor layer that are built up by a sinusoidal inter-
face charge distribution. Charge carriers generated at point a
drift to point d through points b and ¢ under the electric
field.

Figure 3 shows the effect of fringing fields on the final
interface charge distribution, in which small modulation
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FIG. 3. Effect of fringing fields on distribution of photo-generated charge
carriers at the interface resulting from a sinusoidal (a) and a square-wave (b)
input pattern. Shown are the distributions with (dashed line) and without
(continuous line) this effect. The initial charge density at the interface is
uniform and equal to —35.4 nC/cm?, which corresponds to no electric field
in the liquid crystal. The applied voltage, geometric parameters, and the
dielectric constants are the same as those of Fig. 2. -
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FIG. 4. Numerically determined effective modulation transfer function
MTF, ¢ from input to final interface charge distribution resulting from charge
drift in response to fringing fields. The modulation in the sinusoidal input
charge is 1% for all the curves. Spatial average of input charge density for
each curve is shown in the figure. The initial charge density at the interface
is —35.4 nC/cm>. The applied voltage, geometric parameters, and dielectric
constants are the same as those of Fig. 2.

(5%) and contrast ratio (5%) are used for both the sinusoidal
and square-wave input charges. Although the reduction in
modulation is evident in Fig. 3(a), the distortion in the re-
sulting charge distribution is hard to discern. The distortion
is apparent in Fig. 3(b), where the sharp corners are some-
what rounded off due to larger fringing field effects at higher
spatial frequencies.

Figure 4 shows the MTF, curves with spatial frequency
for various input charge densities. The MTF, decreases with
spatial frequency. This is due to larger lateral electric fields at
higher spatial frequencies that move more charge carriers
from regions of high concentration to regions of low concen-
tration. The fringing field effect saturates at very high fre-
quencies. The MTF,; also decreases with increasing total
input charge. This is because as the total interface charge
increases the vertical (i.e., normal to the interface) electric
field E,(x,z) in semiconductor region is reduced and the
relative effect of fringing field becomes larger. Thus it is
expected that when the overall interface charge density is
close to the saturation value (the interface charge density at
which the electric field in the semiconductor becomes zero,
equal to 70.8 nC/cm? in Fig. 4) its spatial variation along the
interface may become so small that output image modulation
is reduced significantly. ‘

Figure 5 shows the: MTF, ¢ curves for a device in which
the semiconductor and LC layers are thicker than those of
Fig. 4. It can be seen that the spatial resolution starts to
decrease at significantly lower frequencies than in Fig. 4. As
is shown in the first term in Eq. (3b) the vertical electric field

E (x,z) in semiconductor region decreases with thickness of

the semiconductor and LC layers. Thus the relative effect of
fringing fields is larger in a thicker device. To prevent this
effect some devices with thick semiconductor layers are pix-
elated at the interface in an effort to preserve the spatial
resolution by changing the electric field and impeding the
charge spreading in the semiconductor. 1822 It is interesting
to note that the measured resolutions in these patterned de-
vices are far below the limiting resolutions defined by the
pixel sizes. Either the confining effect is not efficient or other
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FIG. 5. Numerically deduced effective modulation transfer function MTF, ¢
from input to final interface charge distributions resulting from charge drift
in response to fringing fields. The thicknesses of the semiconductor and the
liquid crystal layers are d,,=25 um and d;.=4 um, respectively. The di-
electric constants are the same as those of Fig. 2. The modulation in the
sinusoidal input charge is 1% for all the curves. The spatial average of input
charge density for each curve is shown in the figure. The initial charge
density at the interface is 0. The applied voltage is 20 V.

charge spreading processes determine the resolution. It is
difficult to calculate or simulate the electric field distribution
in these patterned devices due to the complicated interface
charge distribution.

IV. BULK DIFFUSION EFFECT

The other important charge transport process in bulk re-
gion involves diffusion and recombination of charge carriers.
It is described by the current continuity or rate equations.?>*
Since we consider the semiconductor region to be homoge-
neous along the z direction the rate equations can be inte-
grated over the whole thickness of the semiconductor layer
excluding the semiconductor-LC interface. Ignoring the in-
trinsic carrier concentration and the thermal generation in the
semiconductor, the sheet concentration of photo-generated
charge carriers in transit N,,.(x,?) at any time is given by

é‘Nt_rans(x’ t) athrans(x’ t) | Ntrans(xv t)
ot DT el )T
Noanc(X, 1 '
_ u'ans( ) , (9)
Ttrans

where D) is the lateral diffusion coefficient in bulk region,
g(x,?) is the charge carrier generation rate from the incident
photons in units of cm™2s™}, 7, is the recombination lifetime
in the bulk semiconductor, and parameter T, is the average
transit time. The transit time depends on the electric field in
the semiconductor and it varies with time and position in the
write period. This variation produces an effect in Eq. (9) that
is small compared with that of other temporal and spatial
parameters in the rate ‘equation, so to a first order approxi-
mation it can be treated as a constant. The last term in Eq. (9)
is due to the charge accumulation at the interface. Since only
those charge carriers that arrive at the interface contribute to
the electric field and voltage modulation across the LC, the
last term can be considered to be a charge collection rate
defined as g on(*,) = Nans(X, 1)/ T ypans - This simplified diffu-
sion process does not explicitly involve geometric param-
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eters in the device structure so its results can be applied
directly to unpatterned MQW modulators. Since the semi-
conductor region in the MQW modulators is not homoge-
neous, an average lateral diffusion coefficient must be used
instead.

Consider a charge generation rate g(x,t) such that

0, =0

glen={

gol 1+my, cos (vx)], (10)

>0’

where m;, is the modulation of the input charge. The analyti-
cal solution to Eq. (9) is given by

Nicans(x,t) =go{ o[ 1 — exp (—1/7g)]
+mym[1— exp (=t/7)Jcos(vx)}, (11)

where the effective carrier lifetime 7, is defined by

1 1 1
—— {12a)
To Tr Ttrans
and
70
= I—W . (121’))

Usually the write time ¢ needs to be much longer than the
transit time T, to give any useful modulation in the output
image, so Eq. (11) can be simplified to

71
' Nmns(x,t)=g0'ro(l+min7_—0 cos (Vx)), 12 Tyans

(13)
and the charge collection rate g u(x,t) becomes
. 0 [, N1
gcoll(x’t):go (1+_“min cos (Vx))' (14)
Tt.rans 70

Comparing this with the generation rate of photo-
generated charge carriers in the bulk semiconductor in Eq.
(10) we can see that both the spatial average and amplitude
of g.u(x,t) are less than those of g(x,t). This is due to
charge recombination and diffusion in the bulk region. Some
photo-generated charge carriers recombine before they arrive
at the interface. This charge loss mechanism during transit
can be characterized by a transport efficiency defined as the
ratio of the spatial average of g ., (x,#) to that of g(x,?) and
given by n=7/(7,+ Ty,,,)- If the recombination lifetime is
much longer than the transit time then there is essentially no
charge loss in bulk region, and almost all the photo-

generated charge carriers arrive at the interface before they

are recombined. The maximum sensitivity of the device de-
pends upon the charge transport. When the recombination
lifetime decreases, the transport efficiency also decreases. In-
creasing the concentration of defect states in the semiconduc-
tor layer can reduce the lifetime. As the incident write light
continues to produce photo-generated carriers in the semi-
conductor during the write period the electric field in the
semiconductor is reduced gradually and the transit time is
increased, which also decreases the efficiency. The device is
expected to be less sensitive at the end of write period than it
is at the beginning. In terms of sensitivity it is favorable to
operate the device with'a high electric field in order to have
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a short transit time. In some semi-insulating MQW modula-
tors deep states are created on purpose to reduce the lateral
mobility.>*> This is helpful in reducing lateral diffusion in
the bulk region to preserve the spatial resolution (as is dis-
cussed in next paragraph). However, it also reduces the trans-
port efficiency and sensitivity because of an increase in the
transit time and a decrease in the recombination lifetime.

In addition to affecting the sensitivity, charge diffusion
also reduces the modulation of the charge collection rate at
the interface. The MTF for this charge spreading process can
be calculated from Egs. (10) and (14) and is given by

_‘7'1_ 1
MTF= Ty - 1 +D|'7'0V"" (15)

The spatial frequency at which MTF decreases to 50% is
fsoe=1/(2mL,), where L; = D7y may be considered as
an effective diffusion length for charge carriers in the bulk
region. To reduce the bulk diffusion effect on resolution, the
diffusion length L, must be made as small as possible. Thus
small values of 7, yield high resolutions. When the recombi-
nation lifetime 7, is much shorter than the transit time 7',
then 7y=7, and L, is just the usual carrier diffusion length.
Short lifetimes reduce the diffusion length, but also reduce
the transport efficiency 7 and sensitivity. On the other hand,
if the recombination lifetime is much longer than the transit
time, then 7,=T,,, and L, becomes the length that the car-
riers diffuse during their transit. The transit time is
Tans=d 2/ (i1, Vi), where d,, is the thickness of the semi-
conductor layer, V. is the voltage across the semiconductor
layer, and w, is the vertical mobility in the semiconductor.
The diffusion length is given by

L :\[ﬂk_Td 7 >T (16)
4 My 'qlvsc e " frans?

where k is the Boltzmann’s constant, T is the absolute tem-
perature, and the mobility y; is obtained from the diffusion
coefficient Dy through the Einstein relationship. The corre-
sponding spatial frequency fspg is equal to

;_ My 293.9 N Vsc(v)
fs0%= \/7“ V_T(K) 4 an

In this case the transport efficiency is unity, but the spatial
resolution is poor if the semiconductor layer is very thick or
Ve is very small. Increasing the applied voltage can improve
resolution of the device and its diffraction efficiency by re-
ducing carrier transit or escape time to the semiconductor-
dielectric interface.?® The other way of preserving resolution
is to reduce the lateral mobility g without changing the ver
tical mobility g, . Otherwise lower vertical mobilities result
in longer transit times and the transport efficiency decreases.

Figure 6 shows the spatial frequencies fsqq for various
values of lateral mobility and the effective lifetime 7. Mo-
bilities of charge carriers (usually electrons) in @-Si:H are
very small (0.1-1.0 cm?V s), but the carrier lifetimes or
transit times are relatively long. Photosensors of a¢-Si:H that
are used in OASLMs are located at the upper right corner of
this chart, indicating that the bulk diffusion process gives
relatively high resolution (>>100 1p/mm). Photosensors of
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FIG. 6. Effect of bulk diffusion on OASLM resolution. The spatial frequen-
cies at which the MTFE decreases to 50% are plotted versus the effective
lifetime 7. The lateral mobility for each curve is shown in the figure.

crystalline semiconductors such as GaAs, AlGaAs, and Si
that are used in MQW modulators and other OASLMSs have
very high lateral mobilities (100-3000 cm?/V s). However,
their very short recombination lifetime and/or transit time
result in a relatively small diffusion length L, that puts them
at the upper left comer of this chart, indicating that their bulk
diffusion process also results in high resolution (>100 Ip/
mm). Thus the effect of bulk diffusion on resolution is
largely independent of the mobility in the bulk of the semi-
conductor. Since the measured resolution (i.e., spatial fre-
quency at which the MTF decreases to 50%) in most
OASLM:s is much lower than 100 '1p/mm, the resolution of
the OASLMs is limited mainly by other transfer processes in
these devices, and the bulk diffusion effect is negligible in
most cases.

V. CHARGE SPREADING AT INTERFACE

In Secs. III and IV we have discussed the effects that
both fringing fields and diffusion in the bulk region have in
reducing the modulation depth of charge accumulating at the
interface. Once the charge carriers arrive at the interface they
diffuse and drift laterally until they are trapped or the write
period ends. This charge spreading by drift and diffusion
further reduces the modulation depth in final charge distribu-
tion. The interface properties have a strong influence on this
transport process. A defect-free interface allows charge car-
riers to diffuse and drift a great distance. An interface with
many defects may trap carriers as soon as they arrive, which
belps to preserve spatial resolution. There are several factors
contributing to the trapping process, including defect states
at the interface and coulombic attraction from induced
opposite-sign charge (e.g., spontaneous polarization in ferro-
electric LC). The trapping time 7, can be written generally in
terms of a trapping time 7; for each individual trapping pro-
cess

1 D 1 18

T T T (18)
In all following discussions only 7,, and hence only the com-
bined effect of these trapping processes, is considered. Be-
cause of the vertically applied electric field there are no free
opposite-sign charge carriers at the interface, so that no re-
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combination occurs during this interface transport process. It
is assumed in the analysis that the charge carriers deposited
at the interface are released andfor recombined with the
opposite-sign charge carriers during the following reset pe-
riod.

Rate equations describing diffusion, drift, and trapping at
the interface are similar to Eq. (9) and are given by

aNﬁ—ee(X,t) 16,Jf (X,t) Nfree(x’t)
=g FGetnn = — =
(19a)
and
ON an(x,t Niree(x,t
wap(%:t) _ Nireo(,1) (19b)

at T

where Npeo(x,f) and Nygp(x,t) are the free and trapped
charge concentrations accumulated at the interface, and
Geon(x,t) is the carrier collection rate at the interface. The
magnitude of G (x,#) varies with time and position, and is
determined by both the drift and diffusion processes in the
bulk region. It is clear from discussions in Secs. III and IV
that no analytic form can be found for G.;(x,t) even though
the photo-generated charge may have a simple, sinusoidal
distribution. This is due to the inherent nonlinearity in the
charge drift process. In order to investigate the effect of
charge spreading at the interface on the spatial resolution,
Geou(x,t) will be assumed to be constant with time .
Jeee(x,1) in Eq. (19a) is the sheet current density resulting
from diffusion and drift of free charge carriers at the inter-
face, and is given by?>**

, ONfree(x,1)
Jfree(xyt)=]qlﬂsEx(x’t)Nfree(xvt)_qu —%_’

(20)

where E (x,t) is the lateral electric field at the interface
given by Eq. (5), D, and u, are diffusion coefficient and
mobility of carriers at the interface, which may be different
from those in bulk region.

If the distributions of free and trapped interface charge
carriers have the following forms

Nireo(x,8) =N po(t) + 21 N (t)cos(nvx) (21a)
and |
Niap(%,8) =N yo(£) + 21 N,(t)cos(nvx), (21b)

then E (x,t) becomes

q[N5a(1) + Ny (2) Isin(nvx)
€, coth (nvd;.)+e€, coth (nvd,)
(22)

E (x,8) =n§=‘,1

By substituting the current density Jge.(x,t) into Eq. (19a)
we get a nonlinear partial differential equation for the free
charge carrier concentration
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(?Nfree(x’t) aNfree(x’l)
—_—— _
[?t - lLl'SEx('x’z) f?x
AE (x,t) N el %, 1)
—:u‘s——);}———Nﬁee(x,t)'*-Ds ﬁf:
Neool X, 8
+ Gryt) — D) (23)

t

The minus signs in front of the first two terms on the right-
hand side of Eq. (23) are for holes, and the plus signs for
electrons. Equation (23) can also be applied to unpatterned
three-layer MQW modulators as long as these devices ex-
hibit a symmetry both in structure and in charge distribution
that is described in Appendix B. Since the lateral electric
field is independent of the vertically applied voltage and of
the initial (at time ¢=0) uniform charge trapped at the inter-
face, this charge spreading process does not involve these
two parameters.

One common way to simplify Eq. (23) is to assume a
sinusoidal charge collection pattern and neglect higher-order
harmonics in free and trapped carrier distributions, and apply
a small-modulation approximation. Unfortunately the result-
ing equations do not converge in time ¢ due to the inherent
nonlinearity in this charge transport process. We can gain
some insights into this nonlinearity by inspecting Egs. (20)
and (22). The diffusion current in Eq. (20) is proportional
only to the spatially varying part of the free charge at the
interface. The drift current is proportional not only to the
spatially varying part of total interface charge in £,(x,?) but
also to the magnitude of the free charge. Thus we can think
of the sheet current as a diffusion current having two differ-
ent diffusion coefficients. One of these is just the normal
diffusion constant and the other is a pseudo-constant which
is proportional to the magnitude of the free interface charge.
This pseudo-diffusion coefficient neither vanishes nor be-
comes constant when the charge modulation amplitude ap-
proaches zero, and the nonlinearity due to it does not vanish
unless the interface charge is zero.

Using a numerical approach is a good way to solve Eq.
(23). We choose the Crank-Nicolson implicit method that
gives convergent and stable solutions most of the time.?”?

A. Diffusion effect at interface

We examine the diffusion effect analytically before pro-
ceeding to the full numerical solution. Although the analysis
is less accurate than the numerical solution, these simple,
analytical results do give us some insights into charge
spreading at the interface. The effect of charge drift, due to
the lateral electric field, is to accelerate the charge spreading
process at the interface.

One of the devices that this approximation can be ap-
plied to is the OASLM incorporating surface stabilized ferro-
electric LCs (SSFLCs).2% the SSFLC exhibits macroscopic
ferroelectricity, which results in charge at its surface. When
the SSFLC layer switches from one stable state to the other,
the total amount of charge needed is 2P, where P is the
ferroelectric polarization. In these devices many of the pho-
togenerated charge carriers that arrive at the interface may be
compensated for by the opposite-sign surface charge of the
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SSFLC layer. Thus there is reduced net spatial charge varia-
tion and therefore a reduced lateral electric field exists at the
interface. In this case the fringing field effect is also reduced.

When the lateral electric field is neglected, Eq. (23) be-
comes

aNfree(xrt) a2N£ree(x’t) N&ee(xat)
= + -
t Ds ax2 Gcoll(x,t) T,

(24)

As does Eq. (9), Eq. (24) describes a linear process, and the
effect of this process on resolution can be fully characterized
by the MTFE. Suppose the carrier collection rate G (x,¢) has
the following form

0, =0
Gcoll(x,t)=

G0[1+M-m cos (vx)], >0, @)

where M, is the modulation and G is the spatial average of
the charge collection rate. The analytical solution to Eq. (24)
is given by

Nﬁee(xat)=G0{Tt[1~ exp (—t/7,)]

+ M1l 1— exp (—1/7,)]cos(vx)}, (26a)

where 7,=r7/(1+D,7,v*). The trapped carrier concentra-
tion of Eq. (19b) becomes

Nogap(x:2) = Gt —7[ 1 — exp (—t/7) ]} + MGy

X% {t~7[1— exp (—t/m) 1} cos (vx).
t

(26b)

For an interface with many defects, the trapping time 7,

can be much shorter than the write time #. Charge carriers

coming from the bulk region are trapped as soon as they

arrive at the interface. In this case free and trapped carrier
concentrations in Eq. (26) are given by

- Tn X
Nfree(x,t)=Gor,( 1+M,, 7“ cos (vx)), 7, (27a)

t

and
. 72
Nmp(x,t)='G0t(1+Miu7 cos (vx)), tz7,. (27b)
. t .

It can be seen from Eq. (27) that the vast majority of the
photo-generated carriers collected at the interface are trapped
at time ¢. The MTF for this process is the ratio ‘of the modu-
lation of the total carrier concentration to that of the charge
collection rate, and is given by

Ty 1

MIE= = 150,77

(28)
It has exactly the same form as Eq. (15) except that the
lateral diffusion coefficient in bulk and the time constant 7,
are replaced by the diffusion coefficient and the trapping
time at the interface, respectively. Thus the discussions in
Sec. IV can be applied to the interface diffusion process, and
it is clear that short trapping times and low mobilities at the
interface help preserve high spatial resolutions. In contrast to
the bulk diffusion effect, the interface diffusion effect does
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not affect the charge transport efficiency. Reducing the mo-
bility and the trapping time at the interface improves the
resolution of the OASLMs as long as the trapped charge at
the interface can be completely released and/or recombined
with opposite-sign charge carriers during the following reset
period. If this reset process were impeded, residual charge
images created in previous write periods would affect the
addressing of the device in the following write periods. In
some semi-insulating MQW modulators the interfacial layer
between the MQW region and the dielectric layer is grown at
lower temperatures in an effort to reduce this diffusion
effect. >

If the interface is free from any trapping defects, then the
trapping time may be much longer than the write period. In
this case the last term in Eq. (24) is negligible and essentially
no trapped charge carriers exist at the interface. The solution
to Eq. (24) becomes

Ngree(X,1)

1— exp (—D,1%1)
stzz

=Gt 1 +M;, cos (vx) |,

t<€T,. (29)
The MTF for this process is given by
_1-—exp (—D,v%t)

B stzt

MTF (30)
It decreases with time significantly when ¢>1/(D,»%). The
spatial frequency fs5oq, at which the MTF decreases to 50% at
the end of the write period f,4,. iS fsoe = 1.26/
(27Dt i), Where Dt is the distance that the free
charge carriers diffuse along the interface during the write
period. Preserving the spatial resolution in this particular
case requires that the write period must be short enough so
that the diffusion length of the charge carriers at the interface
VDt yire is smaller than the smallest features in the input
light beam.

B. Complete numerical solution

The simple calculation in Sec. V A accounts only for the
diffusion effect, and the result is suitable only for some spe-
cific devices. In general, a lateral electric field also exists at
the interface because of charge nonuniformity. Charge carri-
ers drift under this electric field and the spatial charge modu-
fation is reduced further. There are many parameters in-
volved in this charge spreading process which include
mobility, trapping time at the interface, and geometric and
electro-static parameters for the device. The device may be
operated with various applied voltages and frequencies. In-
stead of trying to cever and discuss the whole range of com-
binations for these parameters and driving conditions, some
typical device structures and parameters are used to illustrate
the charge spreading effects at the interface.

Figure 7 shows the photo-generated charge distribution
at the interface at the end of write period. The figure includes
the results from both diffusion alone and the numerical solu-
tion of Eq. (23) that accounts for diffusion and drift. The
effect of diffusion appears only in regions where the charge
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FIG. 7. Calculated interface charge distributions at the end of write period
due to diffusion and drift at interface. Shown are the ideal case without
diffusion and drift (continuous line), the effect of diffusion (dashed line),
and the effects of diffusion and drift (dash-dotted line). The geometric pa-
rameters and dielectric constants are the same as those of Fig. 2. The write
time, the trapping time, and the mobility at the interface are 0.5 ms, 1 us,
and 1 cm¥/V s, respectively. The charge collection rate is a square-wave
having a spatial average of 2X10"/cm?® s and a contrast ratio of 1.

collection rate varies rapidly with position. It does not affect
the overall shape of the resulting charge distribution and its
contrast ratio. On the other hand, when charge drift is
present, the charge distribution at this spatial frequency is
distorted more significantly. The contrast ratio of the final
charge distribution, which is determined mainly by the am-
plitude of the fundamental harmonic, is reduced by the large
drift effect. This drift effect is more severe at higher spatial
frequencies, so that any charge modulations in higher-order
harmonics are eliminated almost completely, which results in
a sinusoid-like charge distribution.

Figure 8 shows the dependence of the MTF,; on the
modulation and the magnitude of the sinusoidal charge col-
lection rate. Just as is shown in Fig. 7, the effects of charge
spreading on the values of MTF,g and the effective modula-
tion in the final charge distribution increase with spatial fre-
quency. These effects also increase with increasing magni-

0.8
% 0.6

MTF,

0.4

Go (1014/cm?2-s)
0.2

1 10 100
Spatial Frequency (Ip/mm)

FIG. 8. Numerically deduced effective modulation transfer function MTF.z
from a charge collection pattern to the final interface charge distribution due
to the diffusion and drift at the interface. The geometric parameters and
dielectric constants are the same as those of Fig. 2. The write time, trapping
time, and the mobility at the interface are the same as those of Fig. 7. The
charge collection rate G (x,#) is sinusoidal, and its spatial average G, for
each curve is shown in the figure. The modulation of the charge collection
rate is 0.1 (continuous line) and 1 (dashed line), respectively.
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FIG. 9. Numerically deduced effective modulation transfer function MTF, ¢
from a charge collection pattern to the final interface charge distribution due
to diffusion and drift at the interface. The thicknesses of the semiconductor
and liquid crystal layers for each curve are shown in the figure. The dielec-
tric constants are the same as those of Fig. 2. The write time, trapping time,
and the mobility at the interface are the same as those of Fig. 7. The charge
collection rate Gy(x,t) is sinusoidal and has a spatial average of
1X10"cm’s and a modulation of 1.

tude of the charge collection rate. This is due to the larger
pseudo diffusion coefficients that have been discussed at the
beginning of Sec. V. We note that in Fig. 8 the variation of
the modulation in the charge collection rate§ barely changes
the values of MTF . :

From Eq. (22) we can see that the lateral electric field at
the interface increases with the thickness of semiconductor
or LC layer, so that it is expected that effects of charge
spreading on resolution are more significant in OASLMs
with thicker semiconductor or LC layers. The numerically-
deduced MTF¢ curves for OASLMs having several thick-
nesses of semiconductor and liquid crystal layers are shown
in Fig. 9. The spatial frequency at which the MTFy; de-
creases to 50% is reduced from 19.1 Ip/mm to 8.6 Ip/mm
when the thicknesses of the respective semiconductor and
LC layers increase from 3 and 1 um to 20 and 5 pm.

Mobility and trapping time are the two most significant
parameters characterizing the interface. Free charge carriers
having lower mobilities or shorter trapping times at the in-
terface have less chance or time to diffuse and drift before
they are trapped by the defect states. In the numerical solu-
tions of Eq. (23) we have found that interfaces having the
same diffusion length \[lw)z give virtually the same MTF;.
Quite similar MTF,g curves are also obtained as long as the
total amount of collected charge, which is the product of the
charge collection rate and the writing time, remains constant
and the trapping time.is much shorter than the writing time.
Figure 10 shows the calculated MTF, as a function of spa-
tial frequency for various values of diffusion length \/IE
Decreasing the mobility or the trapping time at the interface,
which reduces the diffusion length, can dramatically improve
the resolution of OASLMs. The spatial frequency fsgq in-
creases from 3.04 to 875 Ip/mm when the diffusion length is
reduced from 10 to 0.1 wm. Without including drift the in-
crease is from 15.9 to 1590 Ip/mm.
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FIG. 10. Numerically deduced effective modulation transfer function
MTF, from a charge collection pattern to the final interface charge distri-
bution due to diffusion and drift at the interface. The geometric parameters
and dielectric constants are the same as those of Fig. 2. The write time is 0.5
ms. The diffusion length at the interface for each curve is shown in the
figure. The charge collection rate Gyy(x,#) is sinusoidal and has a spatial
average of 1X10%cm?® s and a modulation of 1.

V. DISCUSSION AND CONCLUSIONS

The possible transfer processes from the input image to
the output image in an OASLM are summarized in Fig. 11.
The resolution of the OASLM may be degraded during each
of these transfer processes. It has been shown in the previous
sections that during the transfer process from the input image
to the interface charge effects of fringing fields, charge dif-
fusion in the bulk, and charge drift and diffusion at the in-
terface reduce the resolution of OASLMs. The resolution of
OASLMs decreases further when the interface charge is con-
verted to the electric field or voltage in the light-modulating

layer, which is characterized by a charge-to-voltage
€. ld; +e.ld
MTFC_‘U: le!%]c scl%sc (31)

v] €. coth (vd;.)+ €, coth (vd,)]’

The final resolution-degrading mechanism results from the
transfer process from voltage to the output image. This
modulation of the output light beam by the electric field or

input image and
photogenerated charge

fringing fields;
diffusion in the bulk;
drift & diffusion at interface

interface charge

electrostatic effect

voltage in light- -
modulating layer

\ electro-optic effect

output image

FIG. 11. Resolution-degrading mechanisms in an optically addressed spatial
light modulator during the transfer processes from the input image to the
output image.
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TABLE L. Spatial frequencies fso5 and fio4 at which the MTF or the MTF, of each of the charge-to-voltage transfer process, the effect of bulk diffusion,
and the effect of charge spreading at interface decreases to 50% and 10%, respectively. Also listed are fsoy and figq that correspond to the MTF of the
OASLM. The MTF of the OASLM is deduced by taking the product of the MTF or the MTF, of each resolution-degrading mechanism. The applied voltage
is 10V for all the device structures. The writing time is 0.5 ms. The dielectric constants are 12¢, and 4¢, for the semiconductor and the LC layers, respectively,
where ¢ is the permittivity of free space. Modulation of 1% is assumed for both the fringing field effect and the charge spreading at the interface. Qy;, : initial
interface charge, Ny: spatial average of the photogenerated charge at the interface, Gy: spatial average of the charge collection rate, 7,: the time constant

defined by Eq. (12a), and is usually approximately the transit time.

Charge-to-voltage Diffusion and Resolution

transfer process Bulk Diffusion Drift at Interface of OASLM
0% Siom vDy7g Fsom Fion JD,7, fs0% Srom Sso% Siow

_ (Ip/mm) {am) (Ip/mm) {pm) - (Ip/mm) (lp/mm)

d,.=3um, d,,=1 pm 144.7 812.3 0.5 318.3 954.9 0.1 307.6 1218 77.8 215.6
Qinie=—35.4 nClcm? 0.3 574 226.4 445 106.1
N=30 nC/cm? 1 15.5 41.6 15.1 384
Gg=3.75%10"cm? 5 3 5.23 12.8 5.21 12.7
1 159.2 477.5 0.1 307.6 1218 68.0 168.3
0.3 574 226.4 425 97.1
1 15.5 41.6 15.0 37.8
3 5.23 12.8 521 12.7
2 79.6 238.8 0.1 307.6 1218 51.7 120.8
0.3 574 226.4 37.1 81.5
1 15.5 41.6 14.7 359
3 5.23 12.8 5.20 12.6
d,.=6 pm, d;.=2 um 72.2 396.2 0.5 318.3 954.9 0.1 556.5 1359 472 165.2
Ginie=—17.7 nClcm? 0.3 743 218 352 934
Ng=15 nClem? 1 159 47.5 14.5 36.6
Go=1.875%10"cm? 5 3 5.24 13.0 5.17 12.6
1 159.2 4775 0.1 556.5 1359 443 127.6
0.3 74.3 421.8 34.0 85.8
1 15.9 47.5 144 36.0
3 5.24 13.0 5.18 12.6
2 79.6 238.8 0.1 556.5 1359 357 93.2
0.3 74.3 421.8 30.6 726
1 159 47.5 14.1 34.6
3 5.24 13.0 5.17 12.5
d..=12 pm, d,,=4 um 36.8 210.4 0.5 3183 954.9 0.1 925.2 1465 249 105.4
Qi=-8.85 nC/cm? 0.3 130.7 865 223 77.2
Ng=7.5 nClem? 1 17.8 75.6 12.8 334
Go=9.375%10"%cm? s 3 531 13.8 5.08 12.2
1 159.2 4715 0.1 925.2 1465 244 89.2
0.3 130.7 865 219 71.0
1 17.8 75.6 12.7 33.0
3 531 13.8 5.08 122
2 79.6 238.8 0.1 9252 1465 227 69.2
0.3 130.7 865 20.7 59.8
1 17.8 75.6 12.5 31.6
3 531 13.8 507 12.1

the voltage is a complicated process. It employs the Pockels
effect or the linear electro-optic effect in light-modulating
layers, quantum-confined Stark effect in MQWs, or highly
nonlinear and time-dependent electro-optic effects in LCs. In
most cases, however, the transfer processes of input image to
the interface charge and to the voltage distributions are the
most significant factors in determining the resolution of
OASLMs. Although it is difficult to calculate accurately due
to the nonlinear transfer processes in the device, the MTF of
an OASLM may be expressed to a first-order approximation
as the product of MTF,_,, and the MTF, or the MTF,4 of
each of the charge spreading mechanisms described above.
Spatial frequencies at which each of the MTF and the
MTEF,; decreases to 50% and 10%, fsoq, and fige, are cal-
culated, and the result is listed in Table 1. The result from the
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fringing field effect is not listed since the calculated M’I‘Feff
is greater than 50% at any spatial frequency, but it is used to
calculate the MTF of the OASLM. From the table we can see
that although the effect on resolution of the OASLM from
each of the charge spreading mechanisms and the charge-to-
voltage transfer process may be small, their combined effect
is substantial. The corresponding fsqq of the OASLM is sig-
nificantly smaller than that calculated for any of the
resolution-degrading mechanisms. If the effect of one of the
charge spreading mechanisms or the charge-to-voltage trans-
fer process is much larger than that of the others, the resolu-
tion of the OASLM is largely determined by that resolution-
degrading mechanism. Since the effects of the fringing field
and charge spreading at the interface are charge-density de-
pendent, the resolution of the OASLM is also a function of
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charge density. The MTF of the OASLM can be obtained
from the diffraction measurement which takes into account
of the nonlinearity and the resolution of the device in a two-
step model.?

The resolution of OASLMs can be improved only by
reducing the effect of each of the resolution-degrading
mechanisms. As with the charge-to-voltage transfer process,
carrier drift due to the fringing field is a function of the
thickness and dielectric constants of the semiconductor and
the light-modulating layers, but is independent of the carrier
mobility. If the resolution of an OASLM is limited mainly by
the fringing field effect or the charge-to-voltage transfer pro-
cess, the resolution may be improved by reducing the thick-
ness of the semiconductor or the light-modulating layer. A
very thin semiconductor, however, may be difficult to obtain
(e.g., crystalline semiconductors such as Si and GaAs) or
may reduce the sensitivity of the OASLM due to the de-
crease in the light absorption. The output light beam may not
be sufficiently modulated by a very thin light-modulating
layer, either. The fringing field effect increases with the total
amount of photo-generated charge at the interface. This ef-
fect can be reduced by avoiding operation of the OASLM
near the saturation regime.

The effect of bulk diffusion on resolution is less signifi-
cant than that of other charge spreading mechanisms in
OASLMs with both crystalline and amorphous semiconduc-
tor photosensors. Buik diffusion is limited by the lateral dis-
tance that photo-generated charge carriers diffuse during
transit, which is inversely proportional to the product of the
mobility and the transit time. The transit time is inversely
proportional to the mobility, however, so that the lateral dif-
fusion distance is independent of bulk mobility to first order.
The transit time and thus the effect of bulk diffusion on
resolution can be reduced by decreasing the thickness of the
semiconductor layer, or by increasing the applied voltage to
the OASLM.

Charge spreading at the interface is often the most sig-
nificant degrading mechanism in real devices. The resolution
of an OASLM that has a defect-free interface is inversely
proportional to the square root of the writing time 7,5, (see
Sec. V A and Ref. 20). In an OASLM that has many trapping
defects at the interface, however, the resolution is largely
independent of the writing time and becomes a strong func-
tion of the trapping time instead. To improve the resolution,
the mobility and/or the trapping time of charge carriers at the
interface can be reduced by such means as low-temperature
growth of the interfacial semiconductor layer or ion implan-
tation. It is worth warning, however, that the defect states
introduced during the interface treatment might result in
large excess dark or leakage current, and the following reset
or erase period must be capable of removing the trapped
charge. Otherwise, the performance of the OASLM will be
severely affected by the formation of a residual image and by
switching in the absence of a write light. If the charge
spreading mechanisms are negligible in an OASLM without
patterned pixels, then the degrading mechanisms in deter-
mining the resolution of the device are the thickness-
dependent fringing field effect and the charge-to-voltage
transfer process.
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FIG. 12. Numerically deduced MTF, & and CTF from input to final interface
charge distribution resulting from charge drift in response to fringing fields.
The modulation for the sinusoidal input and the contrast ratio for the square-
wave input are 1% for all the curves. Spatial average of input charge density
is ar 20 nC/cm? and b: 60 nC/cm?. The initial charge density at the interface
is —35.4 nC/cm?. The applied voltage, geometric parameters, and dielectric
constants are the same as those of Fig. 2.
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APPENDIX A

In evaluating the spatial resolution characteristics in an
optical system, an alternative to measuring the MTF in re-
sponse to a sinusoidal input is the square-wave response test
in which the contrast transfer properties to a square-wave
target having various spatial frequencies are measured.>® The
contrast ratio of a target or an image is CR=(l,,
~I i)/ Lo+ T i), Where [, and I, are the respective
local light-intensity maxima and minima on the target or im-
age. The CTF may be defined as CTF=CR,,/CR;,, where
CR,; and CR,, are the contrast ratios of the periodic output
and input images, respectively. The CTF can also be used to
characterize the effects of charge spreading on the resolution
of an OASLM. Figure 12 shows the calculated CTF and the
MTE,¢ due to the fringing field effect. These two functions
are hardly distinguishable at both very low and very high
spatial frequencies. Their difference is most significant at the
intermediate frequencies.

APPENDIX B

A cross section of a symmetric PROM! or a three-layer
MQW modulator’ is shown in Fig. 13. When the write light
is incident on the device, positive and negative charges are
created at the two opposite semiconductor-dielectric inter-
faces by accumulation of photo-generated holes and elec-
trons, respectively. Usually the magnitudes of the positive
and negative charge are not equal to each other due to the
different diffusion coefficients and mobilities for electrons
and holes. To simplify the modeling and calculation, how-
ever, the charges are assumed to be equal to each other in
magnitude in the write period,'* i.e., N(x,t) for the upper
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FIG. 13. Schematic cross section of a symmetric PROM or multiple quan-
tum well spatial light modulator. The charge distribution at the two
semiconductor-dielectric interfaces is assumed to be equal in magnitude and
have opposite signs. The thicknesses of the semiconductor and dielectric

layers are d and a, respectively.

interface and —N(x,#) for the lower interface. Consider the
electric field at a point on the z=0 plane. The electric field
created by the positive charge at the lower interface is as-
sumed to be E. , and the electric field created by the nega-
tive charge at the upper interface, E_, is equal to E, in
magnitude. The total electric field created by the interface
charge must be perpendicular to the z=0 plane due to the
symmetry of the device structure about the z=0 plane. This
is also true for the electric field resulting from the applied
voltage V... Therefore the total electric field at any point on
the z=0 plane is perpendicular to this plane. The z=0 plane
becomes an equipotential plane and its electric potential is
Vapp/2. Comparing the bottom part (z<<0) of the device with
the structure of LC.OASLM in Fig. 1, it can be seen that
both have exactly the same structure and boundary condition.
Discussions in Sec. V can be applied to the symmetric
PROM or MQW modulator if the thickness d,, and d,, are
replaced with d/2 and a, respectively. Once the posifive
charge distribution at the lower semiconductor-dielectric in-
terface is found, the negative charge distribution at the upper
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semiconductor-dielectric interface is obtained immediately,
as is the voltage distribution across the semiconductor layer.
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