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ABSTRACT

The purpose of this thesis is to examine the feasibility of narrow-

gap semiconductor charged coupled devices for infrared imaging applica-

tions. The semiconductors considered are PbTe for a three to five micron

imager and Pb__Sn_ .Te for an eight to 12 micron imager, both operated
. 7b .24

at a temperature of 85°K. Theoretical calculations of signal current and

storage time are made based on the metal-insulator-semiconductor theory-

developed for silicon M-I-S devices. For a 0.1°K temperature resolution

_c n

of a 300°K scene, signal currents are 4.8x10 A/cm for PbTe and

-2 2
3.2x10 A/cm for Pb^Sn. .Te at a clocking frequency of 1 MHz.

.7b .24
_ r _ C

Storage times of 5.7x10 seconds for PbTe and 1.27x10 seconds for

-7
PL.Sn Te are calculated using a minority lifetime of 10 seconds.

. /b . 24

Therefore, clocking frequencies higher than 1 MHz are recommended.

Experimental studies of Pb n Sn Te M-I-S were made which demonstrated
1-x x

that accumulation, depletion, and inversion layers can be controlled by

gate voltage, following the general behavior of silicon M-I-S devices.

A PbTe CCD infrared imager seems feasible. Feasibility of Pb r7tSn .Te
. /b . 24

CCD's will require significant improvements in material and fabrication

technology to increase storage time and reduce dark current.
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I. INTRODUCTION

A. THE CHARGE COUPLED DEVICE PRINCIPLE

The basic CCD concept consists of storing electrons (or holes) in

potential wells created at the surface of a semiconductor and moving

these charges as a unit across the surface by varying the depth of the

potential well. This is accomplished by first applying a voltage to metal

electrodes on an insulated surface of the semiconductor (a metal-insulator-

semiconductor or M-I-S structure) to deplete the semiconductor surface

of majority carriers. Then charges, representing a signal, can be intro-

duced either electrically or optically into the depletion region under one

of the electrodes. If a second electrode is sufficiently close, the charges

may be transferred by applying a larger voltage to the second electrode,

thus creating a deeper potential well. A simple three-level pulse sequence

applied to the electrodes can be used to move a train of charge packets

along the device in either direction [171 .

B. PARAMETERS AFFECTING CCD OPERATION

For the CCD concept to be realized, several factors of the materials

involved must be considered. The depletion region formed in the semi-

conductor must be deep enough to be able to store a useful amount of

signal charge. This is related to the deep-depletion capacitance and

inversion capacitance of the semiconductor, which in turn are determined





STORAGE

3-PHASE CHARGE COUPLED DEVICE

TRANSFER

A 3-phase CCD

Figure 1

by the doping concentration, the dielectric constants of both the in-

sulator and semiconductor, insulator thickness, and the temperature of

operation.

After a charge is introduced into the depletion region under an

electrode, the charge must remain there a sufficient time for the transfer

to be accomplished. The length of time required for a transfer is the

period of the clocking signal. The dark currents of the M-I-S structure

determines the charge storage time in the depletion region. Thus the

storage time must be long enough to allow the use of a reasonable

clocking frequency.

Another key feature that determines the usefulness of a charge

transfer device is whether the complete signal charge packet is transferred

8





along the device. Interface states at the semiconductor-insulator inter-

face is the prime factor governing the amount of charge transferred. As

each charge packet passes along the device, it fills the interface states

almost instantaneously and then when it moves on, the states empty-

much more slowly. Some of the charges emitted from the interface states

return to the correct packet but others empty into succeeding packets.

This gives rise to a blurring effect in the signal, thus reducing its

quality. The primary effect of interface states can be overcome by

passing a background charge along the device. This is the so called

"fat zero" operation. The background charges should completely fill

the exposed interface states so that additional signal charge will not

appreciably change the situation. However, this background charge

takes up a portion of the storage capabilities of the device, reducing the

amount of signal that can be transferred.

Factors relating to the use of a CCD in a production-type system

can also be considered. The doping concentration of the semiconductor

must be one that is realistically attainable. The thickness of the in-

sulating material must be large enough to permit ease of manufacture

with a relatively high yield. The amplitudes of the pulse sequence for

transferring the signal must be low enough to prevent device breakdown,

yet be effective in manipulating the depth of the depletion region. The

temperature of operation should be in the range that does not require

undully expensive and heavy cryogenic equipment.





C. THE INFRARED CCD

CCD structures have been extensively studied using silicon. These

devices have many applications, including digital and analog memory

and visible imaging. However, little work has been done to extend the

CCD principle to infrared imaging. For use at infrared, the semiconductor

in the CCD must be sensitive to infrared energy. That is, the band gap

of the semiconductor must be narrow enough for the lower energy infrared

photons to excite electrons from the valence band to the conduction band.

The energy of a photon is related to its wavelength by

1 24
E(eV)= ^ (1)

where A is the wavelength in microns. Two very useful infrared radi-

ation spectra are in the three to five micron and eight to 14 micron ranges.

These are two of the so-called atmospheric "windows" where the radiation

is not severely attenuated by the earth's atmosphere. Thus the energy

gap of an infrared-sensitive semiconductor must be less than 0.24eV for

three to five micron use and less than 0.09eV for eight to 14 micron use.

The compound PbTe has an energy gap of .219eV at 85°K making it suitable

for three to five micron infrared applications, while the alloy Pb_ rSn Te
. / b . Z4

has an energy gap of .102eV at 85°K, making it useful in the eight to

12 micron range.

10





II. METAL-INSULATOR-SEMICONDUCTOR THEORY

The building block for a CCD is the metal gate on the insulated

surface of a semiconductor. This is an M-I-S structure. Therefore, it

is appropriate to study the characteristics of a single M-I-S device to

determine its feasibility for use in an infrared CCD.

A. THE IDEAL M-I-S STRUCTURE

The M-I-S structure is formed by depositing an insulator on the

surface of a semiconductor, then a metal pad or gate is deposited on to

the insulator.

v

Q

METAL

I '...<..

1

SEMICONDUCTOR

xx
•OHMIC CONTACT

. The M-I-S Structure

Figure 2

An ideal M-I-S structure, whose energy-band diagram at zero

applied voltage is shown in Fig. 3, is defined as follows. First, there

is no energy difference between the metal work function and the semi-

conductor work function, or

Cj> =<h-(X+E/2- Y J = for n -type (2)
ms Y m g q ' B

^ms
=

^m " ( X +E/2 + J^J = for p-type (3)
g q B
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where is the metal work function, X is the semiconductor electron
in

affinity, E is the energy of the lower edge of the conduction band, E

is the energy of the upper edge of the valenoe band, E
g

is the band gap,

q is the charge of an electron, and / is the potential difference
D

between the Fermi level E„ and the intrinsic Fermi level E.. In other
F 1
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Figure-3

12





words, the bands are flat when there is no applied voltage. Secondly,

the only charges that can exist in the structure under any biasing con-

ditions are those in the semiconductor and those with equal but opposite

sign on the metal surface adjacent to the insulator. Finally, there is no

carrier transport through the insulator under dc biasing conditions, or the

resistivity of the insulator is infinite [20] .

When an ideal M-I-S device is biased with positive or negative

voltages, there are basically three cases which may exist at the
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Figure 4
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semiconductor surface. These cases are illustrated in Fig. 4. First

consider the p-type semiconductor. When a negative voltage is applied

to the metal gate, the top of the valence band bends upward and is closer

to the Fermi level. For an ideal M-I-S device there is no current flow in

the structure, so the Fermi level remains constant in the semiconductor.

Since the carrier density depends exponentially on the energy difference

(E -E ) , this band bending causes an accumulation of majority carriers

(holes) near the semiconductor surface. This is the "accumulation" case.

When a small positive voltage is applied, the bands bend downward, and

the majority carriers are depleted. This is the "depletion" case. When

a larger positive voltage is applied, the bands bend even more downward

such that the intrinsic level E at the surface crosses over the Fermi
i

level E . Beyond this point the number of electrons (minority carriers)

at the surface is larger than the number of holes, the surface is thus in-

verted and this is the case of "inversion." Similar results can be obtained

for the n-type semiconductor, however, the polarity of the voltages should

be reversed [15]

.

This voltage dependence of the M-I-S device can be characterized

by the capacitance vs. bias voltage relationships in the structure. For

charge neutrality in the system to be maintained, the charge per unit

area on the metal Q must equal the total charges per unit area in the

semiconductor Q for all bias voltages. The applied voltage will appear

partly across the insulator and partly across the semiconductor. Then

the potential across the insulator is given by

14





v. =
1

Q d QM
(4)

where C. is the capacitance per unit area due to the insulator. The

capacitance due to the semiconductor C is voltage dependent, determined

by the charge distribution in the semiconductor. Thus the M-I-S device

can be modeled as two capacitances in series, one constant and one

voltage dependent.

A qualitative description of the ideal M-I-S capacitance-voltage

curve is now possible. Again consider a p-type semiconductor. In the

accumulation region (negative voltage) , there is an accumulation of holes

at the semiconductor-insulator interface and therefore a large capacitance.

Thus the total capacitance is approximately equal to the insulator capaci-

tance. Reduction of the negative bias leads to a reduced hole density

10
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and finally to the formation of a depletion layer. The depleted surface

region contains practically no carriers and acts as a dielectric in series

with the insulator. Thus the total capacity drops. The curve then goes

thru a minimum and increases again as an inversion layer of electrons

(minority carriers) forms at the surface. This increase is dependent upon

the ability of the electron concentration to follow the applied signal. If

the signal frequency is high, the electrons cannot follow the variations

and the electrons will not appear at the surface, thus the capacitance

remains low. In the positive voltage region under non-equilibrium con-

ditions the capacitance continues to decrease [201. This case of deep

depletion will be discussed in greater detail below.

To obtain a more quantitative view of the ideal M-I-S C-V curve,

the equations describing the capacitance must be developed. A differen-

tial capacitance associated with the semiconductor space charge region

is defined by

C
s = 3 V

(5 »

s

The total charge per unit area in the semiconductor is given by

Q = / p (x)dx (6)
s '

where

p = q(p - n + ND
- N

A ) (7)

and the point x = corresponds to the insulator-semiconductor interface.

The quantity (N - N.) is the doping level within the semiconductor.

The free carrier concentrations are given by

16





p = n. EXP (U - U) (8)

n = n. EXP (U - U ) (9)

where U g <fr .

kT
is the normalized electrostatic potential measured

from the intrinsic Fermi level. N - N may be calculated to yield
J—/ f\

N - N = 2 n. SINH |U

J

(10)

The charge in the depletion layer and in the inversion layer as a function

of surface potential requires the integration of the one-dimensional

Poisson equation giving

Q
s
= " 2

|UJ
qn

i

L
D K<COSH(U - UJ

s F

- COSH U,, + U SINH U^
J s 1-3j

1/2
(ID

where

L
D

=
kT€

s_

„ 2
2q n.

1/2

(12)

U
is the intrinsic Debye length and the factor ,—

, insures a physically
I si

meaningful sign. Now the part of Q which is due to the electrons

within the inversion region can be calculated by a second integration of

Poisson's equation giving

U
Q = - 77~\ q n. L

EXP(U-U
p

) du

n U ID
U,

j2[COSH(U-UJ-COSH U +U SINH 1^1)

(13)

1/2
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Now Q can be written in terms of Q and an effective depletion width
s n

X, as
d

Q=Q„ +q(N - N )X (14)
s n D A a

Returning to the definition of the semiconductor space-charge capacitance,

the total system capacitance can now be obtained, but three cases must

be considered.

At low enough measurement frequencies the minority carriers as

well as the majority carriers will be able to reach equilibrium and follow

the variation of the measurement signal. In this case the semiconductor

capacitance can be calculated on the basis of equilibrium theory by dif-

ferentiating equation (11) with respect to the surface potential yielding

C = £ q(p - n + N
D

- N
A )

(15)
s s Q

s

When the signal frequency is higher than the minority carrier gen-

eration rate, only the majority carriers will be able to follow the variations

of the measurement signal and therefore the equilibrium theory cannot be

applied. Instead, the space charge capacitance is obtained by differen-

tiating equation (14), keeping the charge of the electrons in the inversion

region constant or :r -r = 0. This yields

^s

C = €s (16)

X
d

Note, however, that this is valid only in depletion and inversion regions.

In the accumulation region, the same equation as developed for the low

frequency case is applied.

18





Recall that the total capacitance of the M-I-S device is modelled

as the series combination of the insulator capacitance and the semicon-

ductor capacitance as

C
i

C
s (17)

C. + C
1 s

This equation is usually normalized to the insulator capacitance to yield

a
=

c./c +

1

(18)

1 1 s

If the capacitance is measured under such conditions that minority

carriers cannot accumulate near the surface in the inversion case, the

capacitance-voltage relationship will be much like that of a reverse

biased p-n junction. This situation is encountered if the dc bias is

switched rapidly from accumulation to inversion and the capacitance is

measured before minority carriers can accumulate near the surface. Thus,

this analysis corresponds to the transient case. The capacitance will

again be given by equation (16), but since Q =0, the depletion width

relationship is derived from

Q
s
= q(N

D
- HA) X

d
(19)

Integrating Poisson's equation twice and substituting into equation (18),

the normalized capacitance is given by

C.
i

2 -
2K. f

i o1+
2

V
A

q(ND - V K
s
X
o

(20)

1/2
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In this case, the overall capacitance keeps decreasing with increasing

bias due to the unlimited increase in the depletion width which takes

place if minority carriers cannot accumulate near the surface [51 .

B. THE NON-IDEAL M-I-S STRUCTURE

The fabrication of M-I-S devices and the physical parameters of

the materials involved introduce factors that cause deviations from the

ideal behavior. To compare experimental and ideal results requires a

knowledge of these factors and their influences. The most common of

these are discussed below.

1 . Interface States

An interface state is defined as an allowed energy level

within the forbidden gap at the surface . There are two types of interface

states, namely donor states and acceptor states. A donor state can have

Variation in C-V Curve due to Interface States

Figure 6
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two states of charge. It can be neutral, or it can become positive by

giving up an electron. Its state of charge is controlled by the Fermi

level. It is always in its more positive state when it is above the Fermi

level. An acceptor state, which follows the same rule, changes its

charge from neutral to negative. When there is band bending in an

M-I-S due to the external bias, the surface state levels will move with

the valence and conduction bands, while the Fermi level remains fixed.

A change of charge in the interface state occurs when it crosses the

Fermi level. This change of charge contributes to the M-I-S capacitance

and can alter the ideal curve. This change, pictured in Fig. 6, shows

a threefold effect. The interface states give an additional capacitance,

they cause a frequency dispersion, and they change the voltage axis by

changing the dependence of the surface potential on the applied bias

[201.

21





2. Metal Work Function

For an ideal M-I-S structure it was assumed that the metal-

semiconductor work function difference was zero. If the value of 4> ms

is not zero, the experimental capacitance-voltage curve will be displaced

from the ideal theoretical curve by an amount equal to <£> . This devia-
ms

tion is not a serious drawback because the displacement can be calculated

easily and it does not deform the shape of the curve.

3 . Charges in the Insulator

There are basically two types of charges found in the insulator,

namely fixed charges and mobile ions. Both types are introduced during

the fabrication of the M-I-S device. The fixed charge is located near

or at the semiconductor surface and is immobile under an applied electric

Hysterisis Effect

Figure 7
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field. Thus a portion of the bias voltage will be required to neutralize

the effect of the fixed charge, causing a parallel voltage shift in the CV

curve. However, no distortion of the curve is introduced. The mobile

ions will tend to follow the variation of the applied bias, but more slowly

than the carriers. This will give a hysterisis effect to the curve (as

shown in Fig. 7). That is, a curve generated by a negative to positive

sweep of the bias will be shifted from one generated with a positive to

negative sweep.

23





III. ANALYSIS OF THE IDEAL M-I-S STRUCTURE

A group at Westinghouse [14] developed a computer program to

generate ideal high frequency and low frequency capacitance-voltage

data for the Al-SiCL-Si M-I-S structure. This program was generalized

to make it suitable for the analysis of all M-I-S systems, especially

those for infrared applications. The program was also modified to com-

pute the deep-depletion capacitance data and several other quantities

related to CCD studies. A graphical output routine was added to allow

quicker interpretation of and comparison with experimental curves. With

the aid of this program and data obtained from other research efforts, an

attempt was made to determine the optimum material parameters for the

feasibility study of an infrared CCD.

A. CAPACITANCE-VOLTAGE VARIATION WITH MATERIAL PARAMETERS

To obtain the optimum combination of material parameters, the

semiconductor doping density, the insulator thickness, and the tempera-

ture are varied independently. Comparison of their results will provide

a qualitative estimate of each parameter that is best suited for CCD use.

Then choosing exact values on the basis of manufacturing feasibility,

quantitative information is obtained for the "best case." The criteria for

comparison is the amount of charge storage at the same bias voltage.

This data is obtained from the computer output by the method explained

24





in paragraph (B) of this section. Many cases were considered but only

two representative cases of each parameter are presented for brevity.

1 . Semiconductor Doping

Figures 8 and 9 show the ideal capacitance-voltage curves

1 6 — 3
for p-type Pb_ cSn Te with the semiconductor doping N = 1.0x10 cm

. 7 b . ZA. A
17 -3

and N. = 1.0x10 cm respectively. The temperature is 85°K and a
*\

o

100A thick Al insulator is used in each case. Comparison (see

pages 67-74 for computer output) of Q at an applied bias of
storage

,57V reveals that the lower doping density creates a storage capability

approximately 10 times greater than the higher doping density. This

indicates that a low doping density is more attractive to CCD applications

2 . Insulator Thickness

Figures 10 and 11 present the CV curves for a p-type

o o

Pb r7CSn 0/1 Te with a 100A and 300A thick Al o o insulator respectively.
. / b . Z4 Z 6

1 fi — "^

Doping density N. = 1.0x10 cm and the temperature is 85°K in each

case. Comparison of the storage capacity at a bias of ,23V reveals that

the thinner insulator has a storage capacity approximately 30 times

larger. The indication is that a thin insulator is more appropriate for

infrared CCD's.

3 . Temperature

Figures 12 and 13 give the capacitance-voltage curves for

p-type Pb__Sn_.Te at temperatures of 85°K and 150°K respectively. The
. / b . Z4

doping concentration N is 1.0x10 cm and the Al insulator

o

thickness is 100A in each case. At a bias voltage of .46V, the charge

25
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storage available for the 150°K case is approximately 50 times greater

than for the 85°K case. Higher temperature operation is desirable for

CCD use.

4. The "Best Case" Values

The present state of the art in narrow gap semiconductor

"If- _ o

fabrication yields doping densities in the mid 10 cm range at best.

In the near future an N of 1x10 cm will likely become realistic.

If- _ o

For this reason a best case value of N = 1x10 cm is chosen. Easy

fabrication with relatively high yield requires insulators with a thickness

o o

on the order of 500A or greater. For laboratory research, however, 100A

is feasible. To achieve comparable values of storage capacity with

larger insulator thickness, other materials with higher dielectric constants

(e.g. , Ti0o/ K. & 100) might be considered . Using Al o 0„ (K =8.8)
2 ins 2 3 ins

o

a thickness of 100A is used as the best case. The temperature of opera-

tion is chosen as 85°K so that energy gaps of PbTe and Pb„_Sn 0/) Te will
. 7o .14

have values that respond to the infrared energy in consideration. The

"best case" ideal capacitance-voltage curves for a p-type Pb _Sn Te

and p-type PbTe are presented in Figures 14 and 15 respectively.

B. CHARGE STORAGE AND SIGNAL CURRENT

In a charge coupled device, the semiconductor is depleted by a

voltage pulse, then the signal is injected as minority carriers and moved

before the background minority carriers appear at the surface. Thus it

is possible to estimate the maximum amount of signal charge that can be

accommodated by noting the difference between the high frequency
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capacitance and the depletion capacitance at a particular bias voltage,

as shown in Fig. 16. Since charge is given by

Q = CV (21)

the charge that can be stored is

Q
storage

AC V
bias

(22)

A c.

c
o

4 4C

High
Freq

Deep
Depl

V

Estimation of Q
storage

Figure 16

in units of coulombs per square centimeter. The storage capacity in

units of charges per square centimeter, is obtained by dividing by the

electronic charge. The computer program calculates this Q for
storage

35





several values of bias voltage. From the "best case" curve for p-type

12 2
Pb^Sn^Te Q =5.32x10 charges/cm for a bias of 3 .46V. For
.76 .24 storage

12 2
p-type PbTe, the "best case" value of Q is 3.79x10 '

J

charges/cm
. storage

at a bias of 3.57V. These bias voltages were chosen because they are

o

the largest values before the breakdown field strength of 100A thick in-

sulator is reached.

In use as an infrared imager, a device must be able to differentiate

a signal that is near the temperature of the earth background. First it

is necessary to determine the amount of photons emitted by the earth

background up to the semiconductor cut-off wavelength /} . The cut-

off wavelength in microns is given by

> _ 1-24
" c E(eV)

(23)

For PbTe at 85°K the energy gap is .219eV and for Pb^ rSn n>,Te at 85°K
. /b .Z4

the energy gap is . 102eV. Thus

}) (PbTe) = 5.66X

^c
(P1

?76
S
?24

Te) = 12 - 16^

(24)

(25)

The number of background photons is calculated from

N
o - >

N
- *

.

No-~
N
O - oo

N
where

from

0- *

(26)

N
0-

is obtained from a table [lOJ and N is calculated

N
-

= 15.1 C (27)
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where C = 1.43879 cm °K and C is the speed of light. Assuming that

the earth's ambient temperature is 300°K, it is found that the number of

background photons is

N„ . rr = 3.3xl0
16

PH/cm sec (28)
- 5 . 66A

N n ,„ nr = 8.52xl0
17

PH/cm
2
sec (29)

- 12.1 6/^

If each of these photons creates a hole-electron pair in the semiconductor

it is seen that the earth background radiation will overwhelm the charge

storage capabilities for both the case of PbTe and the case of Pb Sn Te.
. 7b . ^4

However, this assumes the semiconductor is exposed to the background

radiation for a full second. If some sort of shutter were used to block

the radiation except for a short period of time, fewer background photons

would be able to reach the semiconductor. Consider the case if the scene

— fi

was viewed for 10 seconds. Then

N0- 5.664
= 3 - 3xl ° 10pH/cm2 (30)

N0- 12.16*
= 8.5xl0

n
PH/cm

2
(3!)

The difference in the storage capacities and these background charges

gives the amount of useful signal charge that can be accommodated.

Q . . (PbTe) =3.76xl0
12

CH/cm
2

(32)
signal

Q . . (Pb^SnTe) = 4.468xl0
12 CH/cm

2
(33)

signal .76 .24

If these charges are moved out of the CCD at a clocking rate of 1MHz

(which is often used in silicon CCD's), the signal current is
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I . (PbTe) = .602 A/cm
2

(34)
sig

I. (Pb^ cSn .Te) = .716 A/cm
2

(35)
sig .76 .24

However, this assumes that all of the charge storage available is filled

by signal photons. This will not be the case if the target is viewed for

— fi

only 10 seconds

.

Consider the case where the target is .5°K warmer than the earth

background. Using equation (2 6) the following values are obtained

N A r rr = 3.34xl0
16

PH/cm
2
sec (36)0-5. 66//

N nc = 8.6xl0
17

PH/cm
2
sec (37)

- 1 1 . 1 b/<

The difference between this number of photons and 300°K earth background

photons is the number of signal photons A N

4 N (PbTe) = 4.3xl0
14

PH/cm
2
sec (38)

4N (Pb^_Sn .Te) = 8.0xl0
15

PH/cm
2
sec (39)

.76 ,z4

— K
Again using a shutter to expose the semiconductor to the scene for 10

seconds, and assuming each photon creates one hole-electron pair then

Q .
(PbTe) = 4.3xl0

8
CH/cm

2
(40)

sig

Q .
(Pb SnTe) = 8.0x1

9
CH/cm

2
(41)

If the signal packet is moved along the CCD with a clocking frequency

of 1MHz, the signal current is
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I . (PbTe) = mjuk/cm (42)
sig

I . (Pb r?rSn Te) = 1.28mA/cm
2

(43
sig ,/b .z4

Tables I and II show the values of signal current for various temperature

resolutions for PbTe and Pb__Sn Te respectively.
,7b . Z4

AT(°K) .1 .5 1.0 5.0

I 4.8xl0"
6

6.88xl0~
5

1.62xl0
_4

9.11xl0~
4

Sig
2,

(A/cm )

TABLE I

AT(°K) .1 .5 1.0 5.0

I .

sig
9

(A/cm )

3.2xl0~
4

1.28xl0"
3

2.56xl0~
3

1.28xl0~
2

TABLE II

Though it was assumed that these temperature differentials are warmer

than the background, cooler temperatures of the same magnitude will

give the same values. The overall signal will be in the form of a dc

current proportional to the background, with variations (either plus or

minus) corresponding to target photons.

Note that the signal currents given in Tables I and II are in units

of Amperes per square centimeter. Thus to obtain the actual signal

current it is necessary to multiply by the gate area of the CCD. These
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- fi 2
areas are usually on the order of 10 cm for silicon devices. This

-9
would give signal currents in the 10 Ampere range.

It is worthwhile to summarize the assumptions used to arrive at

these signal current values for later reference. First the earth background

was assumed to be a uniform 300°K. Then it was assumed that a shutter

— fi

mechanism would limit the exposure time to 10 seconds. Each photon

was assumed to create one hole-electron pair. Finally, it was assumed

that the clocking frequency of the CCD would be 1MHz.

C. STORAGE TIME

When signal charge is introduced into the depletion region of a

CCD, a non-equilibrium condition exists. With increasing time, however,

the system will move toward equilibrium by means of the thermal genera-

tion of minority carriers. This is called dark current. Thus it is possible

to estimate the storage time Tc of the CCD by

Q
_ storage , . AS
TQ = ~ *-

(44)
S l

D

where Q is the storage capacity of the device and L is the dark
storage D

current.

There are four principle dark current components that must be con-

sidered. One is the current arising from minority carriers generated in

the depletion region given by

T 1 q n.W , .

JD " 2 -$- (45)
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where W is the depletion layer width and T is the minority carrier life-

time. A second component of dark current is due to generation of minority

carriers in the semiconductor bulk. It is given by

2
q n

*b = n^F L (46)

where L is the diffusion length

1/2

(47)
kT ? 1/2

and/<^ is the mobility. A third component of the dark current arises from

surface generation by those surface states within a few kT of midband

[f] . However, this current is assumed small compared to the others

since the success of making Schottky-barrier lasers using Pb, Sn Te

indicate a small capture cross-section for these surface states. The

fourth component of dark current is tunneling between the valence and

conduction bands at very high bias voltage. This tunneling current is

also quite small compared with the other mechanisms of dark current

unless the depletion layer width is on the order of few hundred angstroms

Ql2] . Thus the total dark current is

ID « I
b

I

d
(48)

Numerical values of I, and I. for PbTe and Pb„_Sn .Te were obtained by
b d .76 .24

use of the best case data from the computer program and information

from other research Q.1] . The data used for these calculations is shown

in Table III. From this data and equation (45), (46), and (47) it is found

for PbTe that
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L = 1.2 8x10
6
A/cm

2
(49)

b

I, = 1.06xl0~
2
A/cm

2
(50)

d

and for Pb„-Sn .Te that
. /b . Z4

T = 1.16x10
2
A/cm

2
(51)

b

I. = 6.6xl0
_1

A/cm
2

(52)
d

PbTe P
^76

S
?24

Te

r (sec) 10-7 10-7

n.(cm )

i

1.447x10
L2 14

1.375x10

w(cm) 9.13x10"
-3

5.99xl0~
3

Q
storage

3.8x10
12

5.32xl0
12

(CH/cm 2
)

2
jx (cm /V sec)

4
2x10

4
2x10

N
A
(cm"

3
)

'

IxlO
16

IxlO
16

TABLE III

Note that in both cases the dark current component of depletion layer

generation is the dominant factor. Application of equation (48) yields

ID (PbTe) - 1.02xl0~
2
A/cm

2
(53)

1^ (Pb^ cSn 0/1 Te) = 6.72xl0
_1

A/cm
2

(54)U . /b . Z4

Then from equation (44)
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T (PbTe) = 5.7x10
5
sec (55)

o

T (Pb^^Sn.Te) = 1.27xl0~
6
sec (56)

b ,7b .24

When these values are compared with the period of the 1MHz

clocking signal that was used in the preceding section, it is seen that

difficulties arise for Pb„_Sn_ .Te. For PbTe, the ratio of storage time to
,7b .24

the period of the clocking signal is approximately 60, which is acceptable

in that it allows a margin for variation introduced in fabrication. However,

the ratio for Pb_.Sn .Te is approximately unity. This indicates borderline
. /b .^4

performance at best, with no margin for error. Thus for a CCD to be

feasible, methods for improving this ratio must be considered.

Examination of the equation for depletion-layer generation reveals

that the only parameters that could be improved with a significant effect

on T are intrinsic carrier concentration and minority carrier lifetime.

The intrinsic concentration is determined by the temperature, which is

approximately 85°K for infrared imaging. The minority carrier lifetime

could be increased by improving the quality of semiconductor, but a

theoretical limit of radiative recombination lifetime of approximately 10

seconds exists [11] . This yields a one order of magnitude improvement

in the storage time over the value obtained using presently available

materials. This is still borderline performance. Consideration of

equation (44) indicates a decrease in the capacitance due to the insulator

will increase storage time. However, this would also result in a decrease

in the amount of charge storage. An increase in the clocking frequency,
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though it will not effect the storage time, can be used to improve the

ratio of storage time to clocking signal period. A 5MHz clocking fre-

quency combined with a minority carrier lifetime of 10 seconds yields

a storage time to clocking period ratio on the order of 75 for Pb^-Sn. .Te
,7b .z4

This indicates that the feasibility of narrow gap semiconductor CCD

requires advances in the fabrication of narrow gap semiconductors.
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IV. EXPERIMENTAL METHODS

The analysis presented in the preceding section was based upon

idealized theory developed by the silicon device industry. To verify

that it is applicable to the narrow-gap semiconductor in this study, ex-

perimental data must be obtained. The test configurations for obtaining

capacitance-voltage curves at high frequency and capacitance-time curves

are presented in this section.

A. HIGH FREQUENCY CAPACITANCE-VOLTAGE CURVES

The Boonton Model 72A Capacitance Meter was the basic element

for the high frequency CV measurement. It provides a direct capacitance

reading by generating a 1MHz signal and measuring its phase variations

due to the capacitance of the device under test. The Boonton Model 72A

also has provisions for external dc bias and an output to drive an X-Y

recorder.

The M-I-S device was mounted in an insulated container to allow

immersion in liquid nitrogen for obtaining low temperature data. A

mechanical probe was situated on the outside of the insulated container

to make electrical contact at various points on the M-I-S structure.

A Wavetek Model 142 Function Generator was used in the sawtooth

mode to provide the varying dc bias. A Hewlett-Packard Model 7004B

X-Y Recorder completed the instrumentation. It gave the capacitance-
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voltage curve for the M-I-S under study in a form suitable for comparison

to the computer-generated ideal curve. The schematic for the test set

up is pictured in Fig. 17.

B. CAPACITANCE-TIME CURVES

The capacitance-time data required to verify the ideal storage time

calculations was obtained from an experimental setup similar to that used

for the capacitance-voltage measurements. Again the Booton 72A Capaci-

tance Meter was employed. Since the M-I-S must be switched rapidly

from accumulation to deep depletion, the Wavetek Function Generator

was used in the square wave mode for the C-t measurement. The expected

storage time was on the order of microseconds, so a Tektronics Type 422

Oscilloscope was used to observe the response instead of an X-Y recorder.

The experimental schematic is pictured in Fig. 18.
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V. METAL-INSULATOR-SEMICONDUCTOR FABRICATION

' A brief summary of the fabrication processes and materials of the

M-I-S devices used in the experimental investigation is presented in this

section. The semiconductors were deposited in the Naval Postgraduate

School Solid State Laboratory under the direction of Dr. T. F. Tao. The

insulators and metal gates were deposited by Dr. N. Bottka at the Naval

Weapons Center, China Lake, California.

A. SEMICONDUCTORS

Thin films of Pb, Sn Te semiconductor were evaporated onto half-
1-x x

inch diameter substrates of CaF and BaF . The compositions (x values)

1-1/2" _|.

SUBSTRATE

SEMICONDUCTOR

OPTICAL

HALL

Semiconductor Samples

Figure 19
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of zero, .2 , and .24 were used . Two types of masks were used, Hall

and optical, so that the samples could be utilized for other research

projects. The thickness of the semiconductor material ranged from two

microns to 10 microns. Evaluations using the Hall technique showed

17 — 13 19 —3
carrier concentrations ranging from low 10 cm to low 10 cm

X-ray Laue photographs indicated that both single crystal and poly-

crystalline samples were obtained.

B. INSULATOR

The semiconductor samples were cleaned with trichloroethylene,

then methanol, and finally with de-ionized water. They were then masked

and mounted in a vacuum station. The system was pumped down to approx-

-17
imately 3x10 Torr. The deposition was then performed using the

electron-beam method. The thickness of the insulator deposition was

monitored with a Sloan Model DTM-4 Thickness Monitor.

The Model DTM-4 gives a frequency reading that is proportional

to the thickness of the deposit by beating a stable oscillator frequency

with the frequency of a crystal that is proportional to its mass. As the

deposit builds up on the crystal, its frequency changes proportionally.

The thickness is then obtained from

DT
A f = *f (57)

3
where D is the density of the material deposited in gm/cm and T is the

3
thickness in Angstroms. Two A1

?
(D = 4 gm/cm ) and one SiO
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(D = 2 . 5 gm/cm ) deposits were made. The insulator thickness obtained

are given in Table IV.

INSULATOR THICKNESS (A)

A1 2°3 — 100

A1 2°3 ~300

sio
2

~450

TABLE IV

C . METAL

The insulator-semiconductor samples were masked to expose various

sized circular areas, then Ni was deposited on them by the resistive-

heating method. The two types of completed M-I-S devices are pictured

in Fig. 20.

INSULATOR SEMICONDUCTOR

METAL

M-I-S Samples

Figure 20
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VI. EXPERIMENTAL RESULTS

The first step in the experimental investigation of the M-I-S devices

was to verify that the test circuits of Section IV were functioning properly.

For this purpose, an Al-SiO -Si M-I-S device with a known high frequency

capacitance-voltage curve was obtained from Stanford University, Stan-

ford, California. The capacitance-voltage results are shown in Fig. 21.

The close agreement of this curve and the one obtained at Stanford indi-

cated that the CV test procedures would yield reliable results. A capaci-

tance-time measurement was also made on the Al-SiO -Si sample. These

results are shown in Fig. 22. Though there was no standard with which

to compare this curve, it followed that the general shape of curves

presented in other papers [8]. Therefore, the C-t test circuit was assumed

to be functional. With the test circuits functioning properly, the next

task was to obtain high frequency capacitance-voltage curves from the

Pb. Sn Te M-I-S devices, and examine if the theory developed for
1-x x

silicon M-I-S devices apply equally well for these narrow gap semicon-

ductors .

Measurements made with the probe touching various Ni gates on

several of the samples yielded either no capacitance variation or an

unusual reaction from the Boonton Capacitance Meter. For example, the

Boonton would give a full-scale deflection on the 300pF scale, but would

read zero on the lOOOpF scale-setting. Using standard capacitors, the
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Boonton was checked and found to be operating properly. This indicated

that the devices were the source of the erroneous readings. The con-

clusion was that due to its very thin the insulator contained many pin

holes, thus the metal gate was making direct contact to the semiconductor,

To decrease the probability of finding a pin hole under the gate, it was

decided to reduce the gate area. This was accomplished by using the

tip of the probe as the gate, touching it directly to the insulator. Results

obtained in this fashion, however, were little better than those described

above. The cause was thought to be that the pressure of the probe was

great enough to break through the thin insulator layer. To alleviate this

possibility, a small amount of Hg was placed on the metal probe which

was lowered to the point where the mercury just made contact with the

insulator.

Using this method the results shown in Fig. 2 3 thru Fig. 2 7 were

obtained. However, the results were not consistent. The resistance of

the insulating layer was measured and it varied from 50 ohms to approxi-

mately 2 K ohms. To determine the effect of leakage on the C-V result,

the silicon sample, with a variable shunt resistor connected, was

measured. For a leakage resistance of 100 K ohms, the silicon M-I-S

CV curve showed some noticeable distortion. For a leakage of 5 K ohms,

there was no capacitance variation at all. By comparing the value of

leakage at which distortion of the CV curve was first observed to the ac

impedence given by

|z| = ^V (58)
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where C is the maximum capacitance of the M-I-S and W is 2 tk times

the measurement frequency, it was determined that for reliable C-V

results the insulator resistance must be at least 250 times greater than

the ac impedence of the M-I-S.

This indicated that the results obtained were distorted by the leak-

age of the M-I-S device. This precluded the use of these curves for

accurate numerical analysis to determine the surface state density, carrier

concentration, or insulator charge. However, the general shape of the

curves can be used to substantiate that the Pb, Sn Te M-I-S devices
1-x x

follow qualitatively the capacitance-voltage variations of silicon M-I-S

devices.

Attempts to make CV measurements with the M-I-S device immersed

in liquid nitrogen gave inconclusive results. The expected result was a

sharper curve, that is the transition from accumulation to inversion would

take place over a smaller voltage range. Also expected was that the

percentage change from accumulation capacitance to inversion capacitance

would be greater than at room temperature. In the few measurement

attempts which yielded C-V data (one is shown in Fig. 2 7) the capacitance

variation did occur over a smaller voltage range, however, the percentage

of change in capacitance was smaller than in the room temperature case.

It was also noted that the actual capacitance values were much lower at

reduced temperatures. This could be caused by the fact that the Hg probe

solidified at liquid nitrogen temperature ( ~ 77°K), resulting in a smaller

gate area. Another problem encountered in low temperature measurements
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was the presence of jitter in the CV curve. The source of the jitter was

thought to be the boiling of the liquid nitrogen which shook the probe

during measurement. Another inconsistency was the variation of the

accumulation capacitance with temperature. In some samples the accumu-

lation capacitance decreased with decreasing temperature while in other

cases the reverse was true. Theoretically accumulation capacitance

should remain constant (approximately equal to insulator capacitance)

for all temperatures.

In an effort to determine the effect of illumination of the capacitance-

voltage curves, measurements were made under various lighting conditions,

The expected result was a higher value of capacitance in the inversion

region for higher light intensities, due to the added number of minority

carriers produced by the light photons. However, no noticeable effect

was observed in the C-V curves. Some low frequency C-V measurements

were attempted using a Princeton Applied Research Model 124 Lock-in

Amplifier (LIA) , though few useful results were obtained due to the LIA's

sensitivity to leakage resistance. Also due to this leakage problem,

capacitance-time measurements did not yield any conclusive results on

charge storage time.

In general, the percentage of capacitance variation was much

greater in experimental data than in theoretical calculations. In many

cases, hysterisis and/or drift were observed. This was expected since

insulators usually contain mobile charges. The voltage range over which

the capacitance variation took place was considerably larger than in
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theoretical calculations. In many cases, especially at low temperature,

there were some unexpected capacitance variations: the change from

accumulation capacitance to inversion capacitance was not smooth

(see Fig. 26 and Fig. 27).

To summarize, mainly due to the leakage in the insulator layer the

C-V results were distorted. Thus they were not suitable for quantitative

analysis. However,- the general shape of the curves can be used to infer

the general behavior of narrow-gap semiconductor M-I-S devices and

the feasibility of their applications as infrared CCD's.
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VII. CONCLUSIONS

The theoretical analysis of Pb, Sn Te M-I-S devices indicated
1-x x

that signal currents comparable to those obtained in silicon CCD's are

realizable. With a temperature differential of 0.1°K, which is desirable

-6 , 2
for high resolution infrared imaging, signal currents of 4.8x10 A/cm

-4 2
for PbTe and 3.2x10 A/cm for Pb_Sn. .Te were calculated. These

. /o .24

values were obtained by assuming that the device viewed the scene for

— fi

only 10 seconds. This poses a limitation since present mechanical

choppers and shutters that operate with this speed are not available.

Other methods of reducing background photons, such as spectral filters,

would reduce the requirements placed on the mechanical shutter speed.

Further study on the effect of spectral filters in limiting background

photons is suggested as an alternative to the high frequency choppers

presently considered.

Another limitation to the signal current which has not been con-

sidered in detail in this thesis is the effect of noise current, which should

be studied. This would allow a prediction of the signal to noise ratio for

comparison to that obtained in other infrared imagers.

Charge storage times obtained from the theoretical analysis are

significantly shorter than those in silicon charge coupled devices. For

PbTe Tc = 5.7x10"° seconds was obtained, and for Pb^.Sn-.Te
o . / b . Z4

_ c

T_ = 1.2 7x10 seconds. The storage time for PbTe compared to the
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period of a 1MHz clocking signal indicates that the length of storage

time is satisfactory for CCD applications. However, this is not true

for Pb„^Sn 0/,Te. Methods of increasing the storage time are required
.76 .24

before a CCD will be feasible using this material at the 1MHz clocking

frequency. Increased clocking frequencies could be a possible improve-

ment without increasing storage time, but a limit exists on the clocking

frequency. This limit is imposed by the requirement of interface with

available display systems. Methods of limiting dark current by varying

material parameters such as doping concentration also require further

study.

All of the theoretical analysis of Pb, Sn Te devices was based
1-x x

on the assumption that the theory developed for silicon M-I-S was

applicable. Preliminary experimental investigation has been carried out

to examine this assumption. After initial instrumentation problems were

overcome, the C-V data obtained showed qualitatively the typical be-

haviors of accumulation, depletion, and inversion in an M-I-S. Capaci-

tance-voltage curves showed a definite transition from accumulation

capacitance to inversion capacitance, but there were two basic deviations

from theoretical calculations. First the percentage change in capacitance

from the accumulation region to the inversion region was greater than

that in theoretical calculations. One possible explanation of this is that

the value of the relative dielectric constant for Pb, Sn Te used in
1-x x

theoretical calculation (K = 400) is too high. Accurate data for the di-
o

electric constant is not available at present, thus more extensive
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experimentation using CV method of Pb Sn Te M-I-S could provide an

alternate means of measuring the dielectric constant. Another deviation

from the theoretical curves noted in the experimental investigation was

that the transition from accumulation to inversion was not smooth. This

was possibly due to interface states in the M-I-S structure.

In general, all of the experimental data suffered from the leakage

through the insulator. Experiments on silicon and germainium devices

with a simulated leakage indicated that the C-V variations were distorted.

Experimentation using better insulators is necessary for quantitative

analysis of Pb., Sn Te M-I-S. It is suggested that other insulators,

especially those with higher dielectric constants, such as TiO , be con-

sidered to meet the production requirement for thicker insulating layers.

With better fabricated devices, storage times can be accurately deter-

mined also.

The conclusions of this thesis can be summarized as follows.

First, Pb n Sn Te M-I-S devices do show controllable depletion and
1-x x

inversion behaviors qualitatively similar to the Si M-O-S theory.

From the storage time and storage capacity points of view, charge

coupled device infrared imagers using PbTe are feasible without extensive

improvements of material and fabrication technology. Devices using

Pb_Sn_ .Te will require more extensive material advances to increase
. 7b .<c4

the storage time. Finally it is suggested that more experimental inves-

tigation be carried out for quantitative study of the Pb
n

Sn Te M-I-S.
1-x x
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