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Introduction
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-

This report is composed of a series of individual technical suminaries which span several fun-

| o

damental research projects associated with traveling wave charge transport technology deve'.p-
ment. A detailed description of the GaAs traveling wave charge transport device and its potential

capabilities may be found in Reference 4. This device is of interest for transversal filtering and

WX X X a0

other signal processing applications due to the precise, high speed charge transfer and distributed

charge sensing functions which can be accomplished in the device over a very broad bandwidth.

The projects described in this report fall into three basic areas: device physics and modeling,

o g el
i LLLLL&

fabrication technology research, and GaAs surface acoustic wave (SAW) research. An overview of

&

. . . . . . . r

the fundamental technology development tasks is presented via a brief description of the indivi- -
[ %

o

dual projects. ks
£

: : . i

Device Physics and Modeling 3

i ivaveling W . - Charge Injection Research

The compucated theoretical problem of charge injection into a buried channel traveling ‘wave EQ

K

Y,

charge transfer device is addressed. The problem is analyzed by foriaulating an adequate physical :‘j
.

model for the injection process and solving this model to obtain theoretical predictions and perfor- ‘?Q
mance trends for injection parameters. This research involves extremely intensive numerical com- ?_':
N
putation. a,j
L%
W
5-:‘
2) Non-Destructive Sensing Research 4
R
&
A theoretical model is formulated to describe charge detection by capacitively coupled sense .
electrodes on the surface of the traveling wave charge transport device. The detection characteris- y
L

tics peculiar to this mode of signal detection are studied. oy
o
x
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. 3) Transport Research

Various field problems are studied and analyzed to assess the impact of non-uniform surface

| ot o B gl G gt S Sy ]

structures in the charge transport device. The result of this work may also be applied to the

analysis of the conventional charge coupled device.

Fabrication Technology Research

F W W ¥ ¥ X ¥ X0

4) Low Process Temperature Dielectric Research

§

This project involves a study of the polyimide dielectric for GaAs IC applications where low

B

L
g

FyTY XYY Y.

process temperature schedules are required to preserve the structural and electronic quality of cir-

E
x,

o Ry
Yi‘. »

cuit features. This is particularly useful in applications where Schottky barrier diode leakage

= i

degradation due to heat treatment must be minimized.

Lt
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5) Deep Implantation Research B

: ;
¥ S
t The present architectures for the traveling wave charge transfer device utilize relatively thick .
E active layers for electronic channel definition. This project involves the development of photolitho- B
o graphically definable masks for high energy ion implantation processing of thick active layers and a |
7 L
%J‘i study of the material properties resulting from high energy implantation. :3
v X
] ‘ i-(
q 6) Schottky Barrier Leakage Research -
J 3
L

3 Charge transfer devices require low values of channel leakage current for optimum operation. ;'{
~ al
; i

x

v

This project involves a study of primary factors which influence reverse bias leakage current in

pLAL . S P

GaAs Schottky barriers.
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GaAs Surface Acoustic Wave Research

o
X

X

7a) GaAs SAW Waveguide Research 5
Acoustiz waveguides provide an elegant means for achieving controlled propagation of high s
power acoustic fields. SAW generation and propagation in GaAs waveguide structures is investi- 4..: j
S

gated and the application of these structures in the traveling wave charge transfer device is ‘\d
o

explored. "F:ﬂ
b

i

7b) GaAs SAW Propagation Research &%
The achievement of transversal filter functions in the traveling wave charge transfer device 5

requires SAW propagation through large arrays of surface electrodes. This project involves a study
of the fundamental properties of SAW propagation and diffraction in both bare GaAs and GaAs

with surface electrode structures.

In some cases, project research has resulted in the completion of advanced degree thesis. These

cases are noted. where applicable, in the individual techrical summaries. In these instances a more

o

detailed description of the research and its results may be found in these references.
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1. Traveling Wave Charge Injection Research

Objective

The objective of this research is to study the charge injection mechanism of a GaAs buried
channel traveling wave charge transport device. This task is accomplished by developing a model
which describes the injection process and reveals how its performance is influenced by substrate

parameters, electrode geometry and acoustic wave potential amplitude.

Theoretical Work

The injection phenomenon occurs at the input section of the traveling wave charge transport
device and encompasses the entire process of converting a voltage signal into discrete packets con-
taining continuously variable amounts of charge. Figure . provides a conceptual view of how a
charge packet forms during a period of 3 time units. The basic parameters necessary for modeling
the injection are extracted from this figure. The doping profile. bias voltages and electrode- place-
ment set the transport location and control the quantity of injected charge. The injection is also
influenced by the acoustic wave potential amplitude and phase. Experiments have shown that
injection is inhibited by the presence of a SAW potential minimum in the vicinity of the input con-

tact.

The model is developed to include these parameters along with some simplifying approxima-
tions. A complete description involves three space dimensions and time. The time variable is
immediately suppressed by considering a steady state condition at each instant of time. This is a
good approximation because the potential environment established by the SAW changes
insignificantly during the relaxation time of the mobile charge. By assuming a uniform distribution
of charge in the z-direction (axis orientation is indicated in Fig. 1) the problem requires only a

two-dimensional analysis.

The channel current resulting from a voltage signal is an important measurable quantity for

assessing device performance. The current amplitude is related to the individual charge packet size
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Figure 1. The charge injection process in a travaling wave charge transport device.
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el = S
B S

y, through the SAW velocity since by definition current is charge transported per unit time. There- ?
.'! i_ L
:3 fore the size of the charge packet which is injected into the transport channel for a specified device ;Q
a R,
. r ! : : : : . " s
5 bias. signal voltage, doping profile and SAW potential amplitude is the essential quantity which the
F:f model will provide. To calculate this quantity, it is necessary to solve for the mobile carrier distri- h:::
: .ﬂi*
: »
;:: bution of the injected charge using the coupied set of nonlinear differential semiconductor equa- @
tions. See appendix A for details of the solution method.

| X
n] L.(
;\‘j Due to the nonlinearity of this two-dimensional problem, it is necessary to utilize a numerical \‘f_‘
N N
o algorithm to solve the system of coupled equations. The specific algorithm that is employed for the \3
sr

present problem was developed by Herbert Stone.l!] It was chosen since it has been used success-
fully by other authors in applications involving high voltages and large areas.23 which are typical

conditions found in the traveling wave device.

Theoretical Resalts I

g m‘.iﬂ‘ k”‘”? i:‘!‘

By separating the injection problem. as posed in Fig. 1, into several simpler cases. basic L

processes which contribute to the total solution are made evident. This also allows for a

e

verification of the correctness of the numerical algorithm without the complexities of the complete

problem. The algorithm is tested with two cases:

A EEE

T TN

1) An input section with no SAW potential.

Lt ]

>

L o S T
s

2) A transport channel far removed from the input section with a SAW potential impressed on

G

r
. _gr
2 B

it.

=

!

1,._
".

Figure 2(a) shows an input section and transport channel of tie traveling wave device. Bias

~
e
voltages are applied to the various contacts but the SAW is absent. In this steady state condition, [3‘?
LYy
mobile charge surrounds the ohmic input contact while the transport channel is devoid of carriers. &

-4

This is illustrated in Fig. 2(b) which is a calculated contour plot of the charge distribution. The

VTt e DN e N e TN P A

region of high charge density surrounds the ohmic contact hecause it is a point of maximum poten-

T
A

tial and a source of electrons. Moving away from the contact, the carrier density decreases and
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Figure 2(a). The input section and transport chanael of a charge transport device.
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Figure 2(b). The mobile carrier distribution at the input section when the SAW potential is ab-
sent.
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Figure 2(c). The distribution of mobile carriers confined by a two-dimensional potentwl weil.
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eventually approaches zero in the transport channel. The transition region which separates (L high
carrier density region from the low density region is approximately 5 Debye lengths wide and is
exhibited on the plot by the series of closely spaced equi-charge density curves. They are labeled as
fractions of the max‘mum density which exists at the ohmic contact. The transition region pro-

duces a boundary around the mobile carriers which lacks sharpness due to carrier diffusion.

The effect of a SAW potential is introduced into the model by adding a sinusoidal variation to
the doping density profile which is an ap;  <imate repres~tation of the true SA'W induced polari-
zation charge density. The confinement of mobile charge in the resulting two-dimensional potential
well is clearly exhibited in Fig 2(c). This carrier density plot is drawn from data that was calcu-
lated at a location far removed from the input contact. Again, the smeared packet boundary is evi-
dent. The problem of charge bunching in a SAW induced potential well has heen previously
solved.”] The solution method and the approximations employed differ from the present technique.
However, the results shown here agree qualitatively with that work. Further analysis is required

to correlate the two solutions.

The analysis of the injection problem involves solving for the carrier distribution which exists
at the input section when the SAW potential is present. This is essentially a joining of the two pre-
vious cases. In this situation, charge is trapped in the SAW potential well and the packet hreaks
away from the input source of electrons as the wave progresses into the transport charnel. The
distance ‘which the SAW travels before a packet splits from the electron source, depends on the
contact voltage. Vic. It is convenient to measure this distance from the center of the input contact
where the SAW is assigned a phase of O degrees. Since the location of split off is not known before-
hand. an iterative procedure is performed which involves solving for the carrier distribution in a
series of steady state problems of increasing SAW phase. The phase is increased. simulating wave
motion. until it is determined that a charge packet has split off. At this point. the amount of charge

in the injected packet is obtained by integrating the carrier density distribution over the packet

boundaries.
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This analysis is performed on the device structure shown in Fig. 1 for an 8 um wavelength

SAW in a 4 uri thick n-layer that is uniformly doped with a donor concentration of

h|
:
D
L

Np = 10!%/cm?. A bias voltage of OV is applied to the Schottky electrodes with the bottom of the
n-layer also held at OV. The input contact is biased with 3V. The SAW, now with its true y

directed variation, is specified to have a 1/2 V zero to peak potential at a depth where the channel

electron potential resulting from the depletion charge. the bias voltages and the SAW is a

minimum. %
The computed results are presented in Fig. 3. Each frame shows the carrier distribution at g’

s

instants in time specified by fractions of T, where T is the time for the SAW to travel one :
&

wavelength. The equi-charge density contour lines differ by 1.4 X 10'¥/cm?® with the outer most 53,
;

line representing a concentration of 7 X 1083/cm3. At 1=0, the SAW electron potential minimum is E‘
located at the center of the input contact. The resulting carrier distribution is shown in frame 1. F
In frame 2, the SAW has propagated 1 ;..u to the right and pulls the mobile carriers with it. As E:
one potential well of the SAW propagates away from the input. a preceding well is advancing é

towards the input. The fields of this well attract mobile electrons from the input contact and con-

O

sequently it will fill with charge. Each of these two wells will hold the same amount of charge

7

when they are symmetrically located about the input contact as shown in frame 3. The last frame

-
=3

depicts the split off of a packet from the electron source. For this bias condition, split off occurred

o 4

4

afier a time of .71T = 1.98 ns.

e
e L

-
.

Since V¢ varies the charge load of the injected packet and consequently the channel current, a

€

transconductance curve ~an be generated by repeating the above analysis for different values of

=g s i

Vic- This was performed and the result is shown in Fig. 4 for a 400 um wide channel. The param-

eter ¢, is the minimum electron potential du= w0 ionized donors in a layer depleted of mobile car-

o W _"

riers as calculated using a 1 dimensional analysis. If V¢ is less than ¢,. a conducting channel iy

&

)

would exist between the input contact and output contact of the transport device in the absence of K

e

’

a SAW field. Therefore ¢, represents the minimum input contact voltage required to depiete the :~’:

s
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Figure 3. The mobile charge density distribution at four time instants during the charge injec-
tion process in an ACT aevice.
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n-layer. By subtracting this value from the applied contact voltage as done in Fig. 4, it enables the

transconductance of devices with different bias and doping parameters to be conveniently com-

pared.

Conclusion

A model of the charge injection mechanism in a GaAs buried channel traveling wave charge
transport device is developed. It includes the effects of substrate parameters and electrode
geometry. Results are generated for two special cases which are used to test the numerical algo-
rithm. The potential and mobile carrier density distributions in a biased transport channel are
obtained in the vicinity of the injecting contact when the SAW is absent and at a location removed
from the injector when the SAW is present. The process by which a charge packet is injected into
the transport channel is demonstrated and a characteristic transconductance curve for the traveling

wave charge transport device is calculated.
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2. Non-Destructive Sensing Research

Objective

The objective of this research is to study the fundamental properties of non-destructive sens-
ing of charge in a traveling wave charge transport device by providing a theoretical model for the
small signal time and frequency domain responses of the non-destructive sense structure in terms

of the physical parameters of the transport channel and the sense structure.

Theoretical Work

Time and frequency domain responses for a line charge traveling in a single tap current sens-
ing electrode structure (Fig. 5(a)) are determined by computing the charge induced upon the sense
electrodes by the line charge.l51 Analytical results for the frequency response are obtained for arbi-
trary charge depth when the gaps between electrodes are negligible, while numerical results are
obtained for non-zero gaps. Normalized time and frequency response data for the structure of
Fig. 5(a) for several values of charge depth and gap size are generated. Figure 6 shows the time
domain response for the structure of Fig. 5(a) with a vanishingly small gap between the surface
nlates. The spreading of the response about the center is greater for larger charge depth due Lo the
greater spreading of lines of flux emanating from the charge packet. Hence, the rolloff in the fre-
quency response is greater for larger depths of transport. The presence of gaps between current
sense electrodes introduces additional rolloff in the frequency response. A small signal equivalent

circuit for current sensing consists of a single current source shunted by the structure capacitance.

The frequency response for the single tap voltage sensing structure of Fig. 5(b) has been com-
puted analytically in tcrms of a superposition of current sense responses.S! Voltage sensing intro-
duces a multiplicative factor into the frequency response, which is dependent upon the length of
the sense electrode. It is found that a null in the frequency response may be introduced by proper
choice of sense elecirode length. An equivalent circuit for the single tap voltage sensing - ructure

consists of a voltage scurce in series with the structural capacitance of adjacent electrodes. It is
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found that frequency response rolloff is lessened for shorter electrode length.

The effect of the distribution of charge in the packet uvon current and voltage sensing fre-
quency responses is determined numerically.!*) using previous 1esults for the packet charge distri-
‘bution.) For small charge loads, the rolloff introduced by the packet shape at low frequencies is

much smaller than the more fundamental current and voltage sensing frequency response rolloffs.

Theoretical work has also focused upon nonlinearities introduced into the frequency response

e e e aah al e S S e

of the ACT device due to the finite, non-point nature of the surface acoustic wave (SAW) as a
sampler of charge. Figure 7 illustrates the dependence of the normalized charge density in a single
charge packet as a function of time for 50% normalized charge load as it flows in the ACT chan-
nel.) 1t is found that the size and shape of the packet is a function of the amount of charge con-
tained in the packet. Therefore, the spectrum (Fourier transform) of the charge packet is also a
function of charge load. This gives rise to the introduction of new frequencies (harmonics) in the

frequency response of the ACT device to sinusoidal steady state input.

For a single tone input, a theoretical method has been devised for the computation of the level
of the harmonic components present in the output signal as a function of the magnitude and fre-
quency of the input tone. Initial computations with this method were limited to cases for which
the signal frequency is an integer fraction of the SAW frequency. but recently a method has been
found to treat the general case. Shown in Fig. 8 is a plot of the magnitude of the second harmonic
versus the magnitude of the fundamental signal, for fgna1/faw = 1/7 and O to 50% signal charge

load with a 50% quiescent charge load. The curve shows the expected quadratic behavior, since this

e I N B e R L e i i I e e e e S P ot S

3 is a second order effect. For a signal charge load of 40%. the curve indicates that second harmonic
3

,,

j supression of 55dB below the fundamental component. Computation of the third harmonic for this
Es |

A] case has also been carried out.
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Future Work

Computation of harmonic components for cases with arbitrary relation between SAW and sig-
nal frequency will be carried out. as will simulation of the two-tone input signal. Experiments
will be designed to verify the theory. Additionally, theory of large signal detection in NDS struc-

tures will be treated.

Experimental Work

The voltage sensing frequency response of a traveling wave charge transport device whose AC
model is shown in Fig. 5(b) is measured and :ompared with theoretical results. The experimental
and theoretical frequency responses are shown in Fig. 9. The agreement between theory and exper-
iment is very good in the low and mid-frequency range. The major source of error at high frequen-
cies is due to uncertainity in charge transport depth. It is calculated that this uncertainty can

account for the difference between theory and experiment.

Conclusion

An analytic and numerical investigation of the frequency responses of non-destructive sensing
structures in a traveling wave charge transfer device is performed and is shown to be in agreement
with experimental data taken on a single tap voliage sensing structure. The theory provides a

foundation for accurate electrical modeling of arbitrary non-destructive sense structures.
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3. Transport Research &

Objective §

The objective of this work is to develop the theory and computer programs to calculate the

two-dimensional potentials in the transport channel of an acoustic charge transport (ACT) device

for various device architectures and to ascertain the effects of these potentials on the basic tran-

sport properties of an ACT device.

—e

Overview ;S
&

There are several tasks of significance in this research. One task is to calculate the electros- X

tatic potentials in the channel. Another task is to analyze the transfer inefficiencies in an ACT dev- ’::E;
o

ice caused by surface structures such as gaps between Schottky plates and voltages on electrodes in :E-j
w

the channel. Also of interest is charge storage in an ACT device which corresponds to the case of :&:ﬂ
applying a large negative voltage to the electrodes in the channel. Finally, there is the task of ;:‘
analyzing charge extraction in an ACT device which corresponds to the extreme case of applying a ‘,5
large positive voltage to the electrodes in the channel. ;\q

e

LT

-

Potentials ¥

Figure 10 shows typical structures for which the potentials are desired. Typically. these
structures consist of an n-type active layer on top of a p-type substrate, or a semi-insulating sub- “
strate that is modeled as p-type due to trapping effects, with Schottky plates on the surface of the

n-type active layer. The size of the gaps are not small enough to be neglected and must be included

.

in the analysis. g&

LG

The key to solving for the desired potentials in a simple fashion is to separate the problem r

into two parts and to utilize superposition to obtain the total solution. Figure 11 illustrates the ﬁq
b5

1t

separation of the problem. All of the potential variation due to space charge is separated into a &

o

e

one-dim