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g; : \\\\\In the case of indium- and gallium-doped devices it has been shown that
quantum efficiencies in the range 1.0 to 10.0% can be achieved by using

substrates with 1ow boron dopings.
The infrared sensing MOSFET (IRFET) is a detector, integqrating element,

and amplifier all combined in one device structure. As sucn it is distinctly
different than other types of infrared detectors and possesses many very
unique characteristics. When compared to CCD scanned photoconductors two of

these are:

(i) the responsivity of the IRFET and uniformity of responsivity do
not depend upon carrier life-time and residual impurity concentrations

g,f ' (11) the IRFET has a nondestructive D.C. or static memory type readout as
opposed to the A.C. or dynamir memory type of CCD's.

b This report describes in detail the experimental results obtained on
i gold-, indium-, and gallium-doped devices for use in the near, middle, and
3 far infrared wavelength regions respectively. Equations describing the

operation of the devices have been compared to“the observed thermal and optical
resnonse characteristics., A good correspondence has been found in all cases.
This allows an understanding of the design considerations involved in the
MOSFET detector element itself,

An investigation of the noise characteristics of the detector has been
presented and a description given of the considerations involved in the
design and application of large scale arrays.

It 1is proposed that the IRFET might be particularly vseful in some types

of infrared imaging applications. =

Apart from application of the MOSFET device structuie as an infrared
detector the :xperimental results have also demonstrated rhe usefulness
of the device structure in characterizing impurity levels in cilicon. The
measurement of the thermal and optical emission characteristics of indium
and gallium 1n silicon constitutes (to the author's best knowledge) the
first direct observation of these quantities.
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TECHNICAL REPORT SUMMARY

The infrared sensing MOSFET operates on the principle of an indirect obser-

, vation of impurity charge states in the surface depletion region of the MOSFET

device structure. Modulation of the charge state of the impurity center, either
gold, indium or gallium, in the space charge region causes a change in the MOSFET
threshold voltage and modulation of its conductivity. The device is an integra-
ting detector and must be periodically reset by turning the MOSFET off by accumu-
lating the surface. The device works much like a static or D.C. read only memory
element. Low temperature operation, 100°K. 50°K. or 20°K respectively for each
fmpurity 4s required to avoid thermal emission and ionization of the impurity

centers. At low temperatures in a depletion region then, only optical emission or

R T T T T T SR T Y e SRR T . e,

photoionization is possible as a means for the impurity centers to change charge
state. This photoionization is then the basis for device operation.

In operation as an infrared detector, the device 1s first reset by accumu-

lating the surface and fi1ling all the impurity centers with holes and leaving

them in the neutral charge state in the case of simple acceptor centers as

indium and gallium. The MOSFET is then operated in the on conduction state by

3
F
)
i
:

applying an inversion voltage to the gate. This inversion voltage and any back- ]
gate or substrate bias forms a surface depietion region. If the neutral acceptor
centers subsequently change charge states from neutral or negative the number of

electrins or amount of negative charge in the inversion layer or channel must

decrease, resulting in a lower conductivity.

- The results presented describe the fabrication, .peration and characteriza-

T T g e TS T

tion of gold-, indium-, and giallium-doped devices. Not only was operation of

b

the devices demonstrated, but it was also shown that the MOSFET device structure

possesses some unique abilities in the characterization of impurity centers 1a

(111) '
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silicon. Specifically, measurements have bsen made of the thermal emission
rates, thermal jonization energies, and field-enhanced thermal emission by the
Poole-Frenkel effect for the gallium center.

The photoionization cross sectinns of gold, indium, and gallium in silicon,
which determine the spectral response characteristics of the detector have been
measured. A strong field enhancement has been observed in bot" the thermal and
optical emission from the gallium center.

It has been found that optimum device performance can be achieved with sub-
strates with low boron concentrations of the order 1x10‘3 to 1x10]4/cm3 and
indium or gallium concentrations of the order 5x10]6/cm3. Such devices will give
quantum efficiencies of the order 1.0 tc 10.0% and responsivities in the ranye
1x'|04 Amps/Joule for large area devices and 1x109 Amps/Jouie for small area
devices.

A comparison has heen made of the gallfum doped MOSFET characteristics to
results published for CCD scanned gallium doped photoconductors. While the quantum
efficiency of the IRFET might be somewhat lower, on the other hand, it has a much
higher responsivity and the theoretical signal to noise ratio under high flux
conditions is at least comparahie to, 1f not tarjer =han, that for CCD scanned
photoconductors. The optical responsivity and unformity of responsivity of the

IRFET 1s distinctly different than the photoconductive detectors, in that the
IRFET characteristics do not depend upon carrier 1ifetimes and concentrations
of residual impurities in the wafers.

As a consequence of the unique characteristics, the infrared sensing 40SFET
(IRFET) migh. be particularly useful in some large scale integrated infrared

imaging array applications,
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THE INFRARED SENSING MOSFET (IRFET)

I. INTRODUCTION

DEVICE DESIGN”

A design is described for an infrared sensing MOSFET (IRFET). This type

of device has been designed for infrared imaging employing a read only memcry
(ROM) array where individual sense MOSFET's are employed at the intersections
2 of the X-Y address 1ines. The X-Y selection is provided hy decode circuits
- at the edge of the array [1]. The resistance of each IRFET in the array is
measured by circuitry external to the array, and this information {s then

converted to a digital signal for processing, storage, or display.

The IRFET is operated at low temperature and impurity photoionization (21,
employed to modulate the conductance of each IRFET. An individual IRFET 13
shown in Fig. 1(b). In the example 1llustrated, n-channe! devices are employed
and the substrate is p-type. The p-type substrate is doped with both the
shallow level acceptor, boron, and in this example, also by gallium, which has
an acceptor level about 0.072 eV above the valence band. At the temperature
of operation, T = 20°K, the relative dopings have been chbsen such that the
gallium acceptor centers are not fonized [3].

If the MOSFET has been originally preset by turning it off and accumulating
the surface, then when the gate voltage VGG is applied, the gallium impurity
centers in the surface space charge or depletion region will not be lonized at
low temperature [3]. However, the ccnductance of the MNSFET is a function of

the number of ionized impurity centers in the space-charge region since the
'Based on material which has been published in the IEEE Trans. on Electron
Devices, Aug. 1974, pp. 459-462, L.Forbes and J.R. Yeargan.
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Fig. 1. (a) Capture and emission at an impurity center. (b) The Infrared
sensing 4OSFET(IRFET).
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threshold voltage is a function of this space charge [4],(5]. If infrared
radiation 8 < X < 14 y, illuminates the array, then the gallium centers in
the space-charge region can be photoionized by the emission of a hole to the

o valence band [3].

Phototonization of the gallium impurity centers in the space-charge

.fé region will change the space charge and modulate the resistance of the IRFET. 4
| The advantage of this technique for infrared imaging is the large-scale |
integrated ROM arrays can be constructed with silicon technology. This is i
an integrating type imaging array; each device integrates a fraction of the ]

total number of photons incident before the resistance of the IRFET is sampled

ST R AR Ty e

by the location being addressed. q
The basic physical mechanism employed by the IRFET is impurity photo-
{fonization. Fig. 1(a) shows the important processes for an impurity center !

with an energy level near the valence band edge. Three processes are demon-

strated: ep0 is the optical emission; ep is the thermal emission; and cp is

the hole capture [6]. Capture, ¢y is important only during the reset oper-

ation of the device. At all other times, the impurity centers of interest are

s i

in a depletion region and there are no free holes present to be captured [3].

0

The optical emission, ep , and the thermal emission, ep. are competitive

processes; the thermal emission rate, e_, 1s, however, an extremely strong

p
function of temperature [7]. The energy level of some impurity centers of
interest in silicon are shown in Fig, 2. In this application, 1t would
probably be most convenient to use p-type substrates because of the convenient

j
placement of impurity energy levels with respect to the valence band. For i
the gold donor level, the thermal emissfon rate is very small or the level is (

stable at the temperature T = 110 K [7], and for indium and gallium, the levels
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those for the gold donor are from Forbes,ref. (8].
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Photoionization cross section ol selected impurities in silicon; the

results for gallium and indium have been taken from Bebb and Chapman, ref.([2],
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should be stable at 50 and 20 K, respectively. In the IRFET, the temperature
must be low enough to effectively eliminate thermal emission. The only means

available for the impurity center to change charye state is then photoionization.

L T

Fig. 2 shows the photoionization cross sections, co(ﬁm). of the three

T

selected impurity centers in silicon. The data for gallium and indium have

been taken from Bebb and Chapman [2], while the data for the gold donor level

is taken from results obtained by the author [8]. Each of these impurities

are most useful over different portions of the infrared spectrum.

il it ol Tt i’ e SANEOUNY

DEVICE EQUATIONS

g

The basic equations describing MOSFET operation in the saturation region

R T R T T L Y T

are: [1, 4, 5]
Ips = (MC,)(W/L) (Vgq - Vp)2/2 ()
and

where IDS is the drain to source current, u the effective surface mobility,

C0 the oxide capacitance, W/L the channel width to length ratio, VGS the gate

tuo source voltage, VT the threshold voltage, and A and B are parameters which

depend upon the design and processing of the MOSFET, NB is the number of
+
ionized impurity centers in the surface space charge or depletion region.

In the case of gold, indium and gallium doped devices operated at low

TR R TTIY

temperatures, NB can ve time dependent and is the combination of the number
of shallow level impurity centers, NA‘ as for instance boron, and ionized deep ‘
. level centers;

E Ng = iy + N [T - expl-t/0)] (3)




}

:

E j where all of the deep level impurity centers, NI‘ are neutral or not ionized at
%" time t = O and subsequently become ionized by thermal emission of holes

;' with time constant 1 = 1/e; . whare e; is the thermal emission rate. [3,6]

g;; There are three distinctly different experimental conditions which may

g ; exist depending upon the ratio nf concentration of deep level impurities to

5 ; shallow level impurities and depending upon the magnitude cf the excess of

gate voltage above threshold in comparison to the change in threshold voltage,

P
E AVe, as the impurity centers change charge state.
% Case 1. NI << N, and AVT << (ch - VT)
P B ¥
E If Ny << Ny, then;
: . i i
E _ AVT(t) = VT(t) -V, where Vo = VT(O) (4)
¥ and
-
E: M (t) » B[HIMZNA”‘)JU - exp(-t/1)] ()
k
B
; where
¢ max 1/2
- avy s B[NI/(ZNA ). (6)
i
5 If
]
iNp << Vg = Vp)s (7)
then
- i ,
Tps = (HCL )WL) (Vg = Vp) [0 -28V4(t)]/2 (8)

and if the change in drain to source current is defired as,
slge(t) = Toc(L) - 1 (9)
“*0S DS DS

then;

Plpg() = (L) (WL (Vg - VLAV - avp(t)] (10)

I S UV S N PN : o s i T a . = " = amibany,




and

Blgg(t) = B(Vgg = VIIAVP® exp(-t/1) (1

where

8 = (uC ) (W/L) (12)

and the change in drain current follows a simple exponential time dependence.
This corresponds to the case of gold-doped devices which will be discussed
in more detail later. The change in threshold voltage and drain to source

current have been 1llustrated in Fig. 3.

Case 2. N 2> Np

In the case of devices fabricated on substrates which are doped primarily
with the deep level impurity, NI’ and the shallow level impurity concentration
is low, NA << NI' two approaches are possible. The first approach is tou deal
directly with the problem at hand and obtain an exact, if somewhat inconvenient,
expression for the time dependence, and the second to approximate the time
dependence by exponential decays. The indium-dopedand gallium-doped devices
employed are of the type NI > NA'

If we let U(t) = [IDS(t)]]/Z then;

U(t) = (8/2)/2[ugg - Vo()] (13)

and
U(t) = (B/2)/2(vgg - A - BNy + 8,1 - exp(-t/1)]'/E) (14)
and for times such that

NV - exp(-t/T)] >> Ny (15)

and 1f

i 31/2f 172

A MaAxX o) =

(16)
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Fig.3. Tllustration of the time dependent change in threshold voltage and

drain to source current of the infrared sensing MOSFIT.




AR T

then
AU(t) = AU™X[1 - (1 - exp(-t/z)) /2] (17)
and :

“t/T = 1001 - (1 - aU(t)/au™*)2], (18)

This last expression can be used to determine the time constant, v, associated

[ S —

with the change in impurity charge state by plotting on semilogarithmic paper.

This technique has been used in the analysis of gallium doped devices.

o memein a4

Another approach is to look directly at the equation
Ing(t) = BlVgg - VI - avp(t)1%/2 (19)

where

av(2) = 8(N) /201 - exp(e/n)]1/2 (20)

for times such that

o ke g £ 3

R

s b e e et e

NI[l - exp(-t/t)] > Ny (21)
Then ;.
Ips(t) = (8/2) (Vgg = VD201 - (aV]*/ (Vg - V(1 - ep(-e/en)V/2802 (22)
where
- 1/2
A B(N; ) (23)

and this can again be broken down into two limiting cases. It in the special

case

or in other words

then

-9-
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Blpg(t) = Ipg(t) = 1f¢ = Tpc(t) (26)
Mpg(t) = (8/2)(Vgg - VHZ(1 - 11 - expt/n)1V3)2 (27)

This last expression can be approximated by an exponential decay with a time
constant of about one quarter of the time constant of the change in impurity

change state, t. If un the other hand

AVy << (VGS - VT) , (28)
but still
Ny >> Ny (29)
then
Blpg(t) = Tpg(t) - 1f (30)

BIpg (1) = (8/2)Vgg - VA )2 @aVimax / (Ve VN - Qe -/ YD) (3

and now the decay in the current is approximately exponential with a time

constant one half that of 1.

Case 3. AV _<< inS - VT)j but the doping may vary

In the situations where AVT. the change in threshold voltage, is always

small in comparison to the excess of gate voltage above threshuld, then

and

aVp(t) = BN, + N0 - (1 (N + N exp(-t/))! /) (33)

then, if NI < NA’ this Just reduces to Case 1, where the decay in the current
is exponential with time constant <. 1If NI = NA' i1t 1s also found that the

decay in current is very closely approximated by an exponential with time

-10-

N g e manies St s e

S e LA ozl Bl



constant 1, the same time constant as the change in impurity charge state,
For the case NI >> NA' it 1s found that the decay in current has a time

constant one half that of T, but just again 1i1ke Case 2 where NI >> Ny and

AVT << (VGS - VT).

- GOLD, INDIUM, AND GALLIUM DOPED DEVICES [8-30]

Because of the prior experience of the principal investigator with

gold-doping of silicon [8], the 1nitial work was conducted on gold-doped

devices. The objective of this work was to demonstrate that the infrared

sensing MOSFET would work in the manner described in the original proposal.

bikadadit

! In doing so, however, care was exercised not to overcompensate the substrate
with gold which may cause the substrate to change conductivity type, or at

least become nearly intrinsic and highly resistive even at room temperature.

W L NI T 2

As a consequence the gold-doped devices are of the type NI<<NA, or have an

T

impurity or gold concentration, NI less than the boron concentration, NA'
In this case the simple model discussed in the previous section applies. 1
Subsequently it was realised that much higher quantum efficiencies could

be achieved in the case of indium and gallium doped devices by using substrates

e e

with low boron concentrations. This, however, results in a difference in the ;
time constant between the decay of the impurity charge state and the time
constant in the decay of drain current. In the case of indium doped devices a

numerical solution was used to determine this difference as exactly as possible.

¢ In the case of the gallium doped devices the approximate solutions i
! presented in the previous section where employed and specifically ID;/ewas

plotted for devices where NI>>NA to determine the time constant of the i




g,
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change 1n gallium charge state.
Appendices, A, B, and C give a detailed treatment of each impurity.
In the Appendices each impurity is being treated starting from a different
view point. This treatment reflects the historical development of the work
and reflects the realization about one half way through the project that
many objections about low quantum efficiency might be overcome by using
devices with NI>>NA' The price in doing so however 1s & considerable comp-
~1ication in the device model and equations describing its operation.
In addition, the gold doping is considerably different than the indium
and gallium doping. Indfum and gallfum are simple acceptors, no amount
of indium and gallium doping will cause a boron doped wafer to become highly
resistive at room temperature. Gold on the other hand is a double level
impurity with both a deep acceptor and deep donor level. As a result gold
doping will cause either p-type or n-type wafers to become highly resistive
even at room temperature. As a result gold-doped devices must be of the type
NI<NA while indium and gallium doped devices should be of the type NI>>NA.
The particular technique used in the analysis of the experimental results
is as follows: (1) gold-doped; NIQNA’ decays analyzed using eqn. (11).
The change in drain current {s a simple exponential time
constant.
(11) 1ndium-doped; NI>>NA. this corresponds to Case. 2. on
page 7. The data has been analyzed using numerical
techniques to determine the relationship between the

time constant of the change in indium charge state and

-12-
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the time constant of the change in drain current. These
results were checked using the approximations following
eqn. (27) and (31).

(111) gallium-doped; the work reported here is for devices where
NI>>NA. and eqn, (17) was employed. These results were

checked on devices which had NI<NA.

The techniques which have been employed then in each case are quite different.

This section has covered all of these possibilities, the details relating to
the each doping are covered in the Appendices on each impurity., Figure
4 shows the observed curve tracer characteristics for an indium-doped device
under the two limiting cases where the indium in the surface space charge
region is either neutral or negative. Obviously large changes in conduc-
tivity can result by the change in impurity charge state.

The next sections will summarize the utilization of these changes in
characterizing impurity centers and in the fabrication and operation of

infrared detectors.
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Fig. 4 1llustration of the two 1imiting conductivity states of an indium-
doped MOSFET when the indium is neutral and then negative.
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I. APPLICATIOw OF THE MISFLT WLVICL STRUSTURL Ti CIATACICNEDG"
I"MPURITY CENTERS

Identification of impurity center concentrations, emission rates and

capture coefficients using pulsed capacitance techniques on p-n junctions,
Schottky barrier junctions, and MIS capacitors are low temperature measure-

ments. As shown in Fig. 5, these structures are two terminal devices which

are in series with the substrate resistance. [3]

In the case of vidium and gallium doped devices, the required temperatures
of operation are in the range of 50°K to 20°K and a very significant deicni-
zation will occur in the substrate., This results in a very high series

impedance, R , which makes pulsed high frequency capacitance measure-

substrate
ments virtually impossible. While such capacitance measurements can be made

St atibie ik

on a double indium-boron doped substrate, in the case of gallium, however,

even a double gallium-boron doped substrate will not work since even deioni-

L et i Bk i

zation of the boron becomes appreciable at the required temperatures of opera-

tion resulting in an excessive substrate impedance.

- e ) R e d (T

The MOSFET structure on the other hand 1s a 3 terminal measurement (ex-
clusive of the gate) where the surface conductivity between source and drain
is measured. The substrate contact serves only to establish the substrate
potential and at low temperatures only an unmeasureably small leakage current
1s drawn through this substrate contact. As a consequence, measurements can
still be easily made on the MOSFET structure when the substrate 1s dejonized
and high impedance (~ 1 megohm or more) since almost no potential drop occurs
across the substrate. The MOSTET structure 1s thus ideally suited for
measuremnents on single indium-doped or galliuni-doped materials with only
residual impurity dopings of shallow level acceptors or donors as boron or
phosphorus, such as ones used in extrinsic silicon photoconductive detectors.

In fact, the concentration of such residual impurities can be easily determined

— _
Based on material countained in a proposal submitted to ARPA by L .Forbes.
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Figure 5 Devices Used for the Characterization of [mpurities in Silicon;
In the upper three, p-n junction, Schottky Barrier Junction, and
MIS capacitor the capacitance of the device is in series with the
substrate resistance which becomes much larger than the impedance
of the depletion region capacitance at low temperatures on a
defonized substrate, raking capacitance measurenents very difficult.

In the MOSFET structure essentially no current is drawn thrcugh the
substrate resistance and substrate contact.
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as will be discussed.

The results reviewed in this section were obtained on a single indium
doped silicon substrate such as that which might well be employed in a
extrinsic silicon photoconductive detector for the middle, 3 to £ micrometer,
infrared wavelength range. Specifically, results are shown for a character-
ization of the indium center in silicon and since these results have been
treated to some extent in the literature, a detailed description will not
be given. The last section describes the proposed technique which could be
employed to determine the carrier capture coefficient or cross section of an

impurity center using the MOSFET structure.

IMPURITY CONCENTRATIONS

Impurity concentrations are easily determined employing the MOSFET
structure by measuring the dependence of threshold voltage on back-gate
basis. TFig. 6 (frum Appendix B) is an {1lustration of this technique
on an indfum doped substrate. This particular sample has an indium concen-
tration of 8.92 x 1015/cm3 and a net residual shallow level acceptor con-

centration of 4,95 x 1014/cm3.
THERMAL EMISSION RATES

Fig. 7 and Appendix B show a determination of the thermal

emission rate by measuring the temperature dependence of the time constant of

-17-
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Fig. 6 Determination of the [ndium Irpurity Concentration.
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the dark decay between the two 1imiting conductivity states. The slope of the
11ne, 0.167eV, is appropriate to the thermal activation energy of the indium
center in silicon and provides a unique determination and identification of
the indium center. [2, 19-24]

The emission rate of shallow Jevel centers determines the rate of ioni-
zation of the centers as a function of temperature in photocorductive detec-
tors ana in general have not heen previously determined, although obviously
very important.

This sample was very carefully checked for other levels, as for instance
the 0.11eV level reported by Hughes in indium doped samples, however no such
other levels were found in our samples. The MOSFET structure is particularly

convenient for such measurements. Fig. 8 , and Appendix C show the results for
gallium doped devices, or the thermal emission rate of gallium in silicon. The

dependence on back gate bias is due to the Poole-Frenkel effect. [2.19-28)
PHOTOIONIZATION CROSS SECTIONS

The phototonization cross section of the indium center has been determined
by measuring the time constant of the decay under illumination between the two
1imiting conductivity states of the MOSFET structure. These results are shown
in F1g. 9 ard in Appendix B. In making some of these measurements, we
have employed a unique arrangement using a circularly variable filter
and globar source. [2, 19-24]

Such measurements could also be readily extended to other impurity centers,
such as the 0.11eV level reported by Hughes in their indium doped samples.

Such measurements can provide an important optical verification, in addition
to the thermal measurements, of these type of levels.

Fig. 10 and Appendix C give the results for the gallium impurity center.

[2, 19-24].
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CARRIER CAPTURE CROSS SECTIONS

Capture cross sections and capture coefficients can be measured using the
MOSFET structure by employing an extension of techniques used previously on
p-n junction devices. These techniques can be employed to determine both the
"small signal" capture coefficient or capture cross section when the carrier
1s nearly in thermal equilibrium with the lattice and the capture cross section
when the carriers and impurity centers are under the influence of electric
fields. Both situations are relevant to photoconductive detectors which
operate over a range of applied voltage and electric field conditions. In
addition relatively high field conditions may exist at the p+ contacts formed
on the photoconductor. [3]

Figurell shows the proposed technique for the determination of the cap-
ture cross sections near equilibrium. The impurity centers in the MOSFET
surface depletion region have been arranged to be in the negative charge state
and the inftial conductivity of the MOSFET, Ilc . 1s Tow. The surface is
then accumulated for short perfods of time attracting holes to the surface.

If this accumulation time period is short then only a fraction of the negative

impurity centers can capture holes;

tace © taccumulation << V{cp - P) (34)

and on each accumuiation cycle

d(NT)/dt =-c.p- Ny (3%)
and since dt = tacc then
dNT/NT = Cy P tacc 136)

-24-

N N U PN VU




Ri"
I

baand e A i—j - Time

P e

-

v (Capture)

-

Figure 11

Time

Technique for Determining Hole Capture Cross
Section at Negative Acceptor Center using
MOSFET Device

-25-




b R b 1
T R IR T s s DAL S s o ey T p T -

P T

AT

Knowing the hole concentration in the substrate from the resistivity of the
photoconductor then one can determine the capture coefficient cp by observing
the number of pulses required to complietely f111 all the negative centers
with holes leaving them in a neutral charge state and consequently the MOSFET
with a much higher conductivity.

The capture of both minority carriers, electrons, and majority carriers,
holes, can be observed under high electric field conditions by a direct
application of techniques used previously on p-n junctions, except here cap-
ture will be observed 1n the surface depletion or space charge region of the
MOSFET rather than in the depletion region of a p-n Junction. This is {1-
Tustrated in Fig. 12. The impurity centers, either indfum or gallium, will
be arrangaed to be either in the neutral or negative charge state. In the
first case shown, the centers are in the neutral charge state and minority
carriers are injectaed from the substrate by 11lumination with 1ight which
absorbed 1n the substrate generating minority carriers or electrons. These
electrons diffuse and then are collected and swept across the depletion
region and can be captured by neutral centers. By measuring the photocurrent,

I , and observing the time constant associated with the change in impurity

photo
charge state one can determine the capture coefficient, Cpe

In the second case, the impurity centers have been arranged to be in the
negative charge state and holes injected by 1llumination of the surface with
very short wavelength 1ight which 1s strongly absorbed. Holes then drift
across the depletion region and can be captured by negative centers, the change
in charge state of the impurity centers will modulate the conductivity of the
MOSFET. By again observing the time constant associated with the change in

conductivity and the photocurrent, I , one can determine the capture co-

photo

efficient cp under high electric field conditions.
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Note that ‘n all cases discussed th. capture coefficient determined
DOES NOT REQUIRE A KNOWLEDGE OF THE IMPURITY CONCENTRATION. In this respect
the above techniques are distinctly different than most previously applied
techniques which also required a knowledge of the impurity concentration which
at best,was known only on the basis of an indirect determination. These tech-
niques and particularly the first for the determination of the hole capture
coefficient under near equilibrium conditions should enable an accurate result

to be obtained without the uncertainties of other less direct techniques. [3]
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I11. APPLICATION OF THE MOSFET AS AN INFRARED DETECTOR

RESPONSIVITY

As shown in Figure 3 an infrared signal incident on the MOSFET device
structure will cause a change in the drain to snurce current. If the temp-
erature 1s lTow enough such that thermal emission of carriers from the impurity
center can be ignored then this effect can be used to detect an infrared signal.

Figure 13 1s an illustration of the technique used to determine .he
reponsivity of the MOSFET device structure as an infrared detector. This
particular example is taken from Appendix B. Since the MOSFET device is an

integrating detector the following definition of responsivity has been used,
Responsivity = AIDS / Incident Energy (37)

Responsivity = AIDS Jho & A t Amps/Joule (38)
where IDS is the observed change in drain current, f, the photon energy,
A the active area of the device, and tI is the length of the integration
period. & 1is the photon flux in terms of #/cm2 sec.

The change in drain to source current depends on the width to length
ratio of the channel of the MOSFET, W/L, but not at all upon the area of the
device, A = W x L. As a result smaller area devices will have a much higher
responsivity. Qur devices are relatively large area. In addition the change
in drafn current is also a function of the oxide thickness and dopings of the
MOSFET device structure,

However, since many detectors have responsivities quoted in terms of
the units Amps/Watt in summarizing our results we have also included this

quantity. The results are summarized in Table I. [33-40]
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Fig. 13 Determination of the responsivity of the MOSFET as an
Infrared Detector. (from Appendix B)
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RESPONSIVITY OF THE MOSFET AS AN INFRARED DETECTOR

Type of Device: GOLD

Impurigg Doping: 2.0x1015

( #/cm

Boron goping 1.0x10
( #/cm”)

16

Oxide Thickness: 4000
( Angstroms)

Channel W/L Ratio: 8.0

Areaé A=Wxl: 2.5x10™3

Incident Flux, b :  3.23x10'%

( #/cme sec. )

Wavelength, 2 :
( microns 5 2.066

Time Constant of
4 Change 1n Impurity

: Charge State,” = 1/e
( sec.

Time Constant of Decay
in DOrain Cur'rent.’zI : 20
( sec. ) 0s

0,

Integration Time, t;:
( sec. ) 1" 2.0

Change in Dratin Current: 4.0x10
( Amps )

-5

¢

; | RESPONSIVITY (Amps/Matt) 5.0x10°
F 3 ' RESPONSIVITY (Amps/Joule) 2.5x10
E

2

Initial Width of
: Depletion Region:
T ( microns)

Q%antgm Efficiency:
%

Table I. Summary of results on the Responsivity of the

9.32
1.4x10°

4.0x10'4

2.066

29.0

3.35
0.335

8.6x10°

1.6x10
4.8x10
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The gold-doped devices have a lower responsivity as a result of the
fact that the gold doping is low and the boron concentration is high. This

results in a small change in threshold voltage, small chang2 in current and
= Tow reponsivity and quantum efficiency.

o NO1SE

Appendix D presents a detailed description of the theory and measure-

ment of the noise characteristics of the MOSFET device structure itself.

Two noise sources are important, firstly the shot noise associated with
in incident infrared flux and the 1/f surface noise of the MOSFET,[31, 32)
It has been shown that for sort integration periods the shot noise associated
with the incident infrared flux is the 1imiting factor on signal detection. As
such then the infrared sensing MOSFET (IRFET) can be operated under background

limited conditions. The experimental results shown are for gold-doped devices

where no special efforts were made to reduce surface state densities. In this

R e A

case it was found that integration periods of less than ten seconds resuited in

shot noise limited operation. Similar results would be expected to apply to

indfum and gallium doped devices.

Starting from basic principles, 1t has also been shown in Appendix D
that apart from possible factors of two that this shot noise is just the square
root of the total number of stored charges. In this respect then all semi-

conductor devices are similar including CID's and CCD's. *The maximum stored

charge in all semiconductor devices is limited by breakdown in the substrate
or the dielectric strength of the gyate insulators., Devices as CID's, CCD's,

or IRFET's of comparable area will have comparable maximum obtainable signal

T T TIOLTT TTT T TeI A  TEE T  pe

to nofse ratios under shot noise limited or background limited operation. [33-35]

The selection of a particular detector for any application must then be

made on the basis of other considerations.




UNIFORMITY_ OF DOPINGS

A number of indium- and gallium-doped wafers were oxidized and

detailed measurements made on MOS capacitors to determine the uniformity

T TR TR

of dopings being achieved in the wafers since the device reponse depends
directly on this doping. The IRFET is, however, not like photoconductors
in that in the IRFET the responsivity does not depend upon carrier 1ifetimes

; : and concentrations of residual impurities in the wafers. As such then it
= is only necessary to determinec the uniformity of the main or majority dop-
ant in the wafer, efther indium or gallium.

Fig.14 shows the spatial variation of doping across a gallium-doped

wafer, Fig.15 preseuts histograms of the variation in doping concentrations

E‘_ on both indium- and gallium-doped wafers. The resulits show that a variation f ;
in doping by a factor of "two" 1s observed across both types of wafers.
The indium-doped wafers were obtained from General Diode, Framingham, 4

Mass. as an off the self stock item. The gallium doped wafers were recejved

from a DOD contractor which had some left over from a prior project. In

both cases no special care was taken to insure a uniform radial distribution |

of dopings on the wafer. These res.ults correspond to the previous integrated

By

4

: circuit's experience of the Principol Investigator where it was found in

E : commercial boron-doped wafers used in MOSFET {integrated circuits that there
i was in general a variation of dopings by a factor nf "two" in wafers of the
‘ same 1ot and radial variations of a factor of “two".

h

; In addition to doping variations the MOSFET device structure is also
b

sensitive to variations in threshold voltage. Experience has shown that even
on the same chip threshold voltages would vary by 0.1 Volt. As such then the
level of uniformity of responsivity which can probably be achieved with some

care for MOSFET detectors on the same chip is of the order 10.0%. Clearly in

most applications signal processing will be required; as was proposed origin-

ally this would involve the use of auxiliary memory planes.
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The considerations on uniformity can be put in quantitative terms by
considering Eqn. (2); which for an industrial type n-channel process with 500 A°
oxide thicknesses becomes[5]:

Vio= -1+ 09 (1w gV (ngp 71078 ) h01es . (39)
Variations in oxide charge, boron dopings, and impurity dopings will be reflect-
ed in threshold variations in the MOSFET detector elements which will result in
responsivity variations. NI is the total fonized impurity concentration.

Initially the ionfzed impurity concentration will just be due to boron,
if the boron concentration is low the surface depletion region will be very wide.
However, 1t the boron concentration is low 1t will be difficult to control this
doping uniformily. Suppose as an example the boron concentration is 10]4/cm3.
and a back-gate bias of 25.0 Volts is used, then Eqn. (39) becomes:

Vp= 210+ 090 5 ) (1071) = -1.0 + 0.45 Volts. (40)

A variation in background buron doping by a factor of four will cause a variation
in threshold voltage of t 0.45 Volts.

At the end of the transient decay there will have been a large increase in
the threshold voltage due to the ionization of the deeper level impurity as indium
or gallium, the boron then becomes an insignificant consideration. Cansider the
Consider the case where the deeper level {onized impurity concentration has reached

016

a value of 1 /cm3, then Egn. (39) becomes,

V; = -1.0 + 0.9 ( 5 ) = -1.0 + 4.5 Volts. (41)
A change in impurity concentration of 30” will cause a change in threshold volt-
age of about 10% or t 0.45 Volts.

In addition changes in oxide charge by amounts of 10n/cm2 will cause thres-
hold voltage variaticns on this oxide thickness of + 0.25 Volts. The total result
might thus be threshold voltage variations of the order 1.0 Volt. If the excess
of gate voltage above threshold, VGS'VT' is of the order 10.0 Volts then variations

in conductivity and responsivity of the order 10% might be anticipated.

-36-
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E APPLICATION TECHNIQUES
; As was described at previous points in the text the IRFET detector
E would be employed in an X-Y addressed array as shown in Fig, 16. This imaging
'? array essentially constitutes a read-only memory plane where the conductance
g of each device is a function of the infrared flux incident on that partic-
é ular location, Associated with this imaging memory plane would be off-chip
g_ logical control elements and auxiliary memory planes for signal processing as
3 shown in Fig. 17. i
? The conductance of each element in the imaging array would be read on ﬁ
; an analog basis both before and after {1lumination and converted to a digital
format by the A/D cunverter shown in Fig.17. 1Ir dcing so, note that since the

IRFET 1s a static or D.C, memory element the read operation can be suppressed

R N o/ THT
o Rl i

until the address location becomes stable. Following this the length of the

read operation, or sample time, is determined by the precision which 1s desired ;

or required in reading the conductance of the element. In theory these sample 3

periods could be made very long allthough at the expense of long frame times.

PTE T T s T —

4
i
4

1

The random-access memories (RAM's) 1n Fig. 17 would be used to store

the conductance of each imaging element or IRFET before and after {ilumination.
The programable read-only memory (p-ROM) would be used to compensate for zny

non-uriformitias in the responsivity of elemants in the array. The net result

e

would he to allow a very high degree of resolution between different flux inten-

sities at different imaging elements to be achieved.

This signal processing in some senses is analogous to the "time-delay and

Eaas 8 3

integration (7Dl )" used in CCD scarned photoconductors. The difference here 1s
. due to the fact that the TRFET works on a static as opposed to dynamic memory
E‘ concept. Note also that the [RFET array could achieve a very high resolution
in a full staring mode. The IRFET array and signal processing technique does

not require mechanical motion of either the target or the array, as opposed

to TOI technigues which require motion. [21, 3¢-40]
-37-
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Fig. 16  Application of the MOSFET detection in an imaging array.
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L COMPARISON TO CCD SCANNED PHOTOCONDUCTOR ARRAYS

?f Table IX presents a comparison of the operation characteristics

of a 32 bit CCD scanned array of gallium-doped photoconductors[39, 40] to
ﬁ*; the projected characteristics of an IRFET array based on our current

; o devices and based on better smaller area devices. Such a comparison
{s difficult to make since the two different types of detectors have such
different operating principles and i1t must be kept in mind in doing so
how each detector works.

While this Table summarizes a number of points from previous sections
a number of points are worthwhile considering again in detail. The
most striking feature is that the IRFET detectors have a much higher respon-
sivity, which as was pointed out previously,does not depend upon carrier
1ifetimes and residual impurity concentrations. Since the IRFET employs
only the gallium centers within about one mil from the surface the quantum
efficiency 1s on the other hand somewhat lower.

The theoretically maximum attainable signal to noise ratio in both
types of systems 1s essentially Jjust the square root of the total number of
stored electrons. In the IRFET detector the detector and integration element
are one and the same and have the same area. In the CCD system the storage
is usually smaller than the detector. Consequently the IRFET can acheive
at least the same {if not a significantly larger signal to noise ratio.

The bottom 1ines in the Table emphasis the difference in the read-out
techniques and the signal at the output of the system. In the CCD system the
output 1s an integrated charge in coulombs; in the [RFET system it would be a
current which can be read for arindefinitely long time period on a non-destr-
uctive basis. In the IRFET the integrated charge does not flow in the external
circuit but rather remains stored in the depletion region of the MOSFET until
the reset operation. The Table also indicates that acceptable frame rates could

be acheived 1n most applications using the IRFET detector array.
<40~
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A COMPARISON OF N
GALLIUM-DOPED SILICGN INFRARED DETECTORS

T

32 BIT CCD SCANNED
ARRAY

(As published by Hughes
Aircraft Co.)39. 40

PROJECTED IRFET ARRAY
CURRENT DEVICES

Ng, = 3x10'8/cn’
AVT = 2 Volts

BASED ON:
BETiER DEVICES

g, = 6x10'&/cn’

A\1 = 18 Volts

to infrared sensing MOSFET's,

Based on material presented at the 2nd Int. Conf., on Solid-State Devices, L.Forbes,

K.W. Loh, and L.L.Wittmer.

4]

VGS = 7 Volts VGS = 18 Volts il
5 DS Ga ;
A CELL AREA(cn®) 107 (4xd mi1) 3.5x107° 2x107° :
b QUANTUM EFFIC- l
- TENCY (%) 30 2.8 6.8 ;
P RESPONSIVITY 2.5 Amps/Watt 150.0 Amps/Watt 1.4x10% Amps/Watt :
’ (effee}ive value) (effective value) ]
E: UNIFORMITY OF 1.6x10" Amps/Joule 1.0x10° Amps./Joule F
P RESPONSIVITY ;
: DEPENDS ON:
B Gallium Doping..Yes ven Yes Yes 1
r_- ' L1fet1me. ) YG!S ) NO NO B
ﬁ' Residual Impur- 1
T {ty Concentrat..Yes No No k
g QPTICS fu1.5 f=1.5 f=1.5 :
; 300°K BACKGRND SPECIAL FILTERS FILTERS NO FILTER FILTERS NO FILTER g
(4/ umPsec) 1013 2x10'  2x107 2x10"  2x10"’ ]
: SIGNAL
¢ (#/ cmzsec) JX]0]3 low flux Tow high Tow high
1 -
(watts) 10 10 flux flux flux flux
FRAME TIME 1.5 millisec 10 sec 10 millisec 1.5 sec 1.5 millisec
STORED CHARGE
(# of electrons) 4x106(11m1ted by CCD IO]] 3x108
1.0x0.4 mil)
MEMORY TYPE DYNAMIC (AC) STATIC(DC) STATIC(DC)
NEP (watts) 8.5x107 14 .- --
D* (cm K2/ 2/4) 2x10' -- -- ‘
SIGNAL/NOISE RATIO 2x10° 2x10° 10t 3
BLOOMING Yes No No ;
SIGNAL 6x10-]3c0u]0mbs 1.4 mill{amp 68 milliamp(max) g
REALOUT Destructive Nondestructive Nondestructive
Table I. A comparison of the cnharacteristics of CCD scanned photoconductors
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! IV. CONCLUSIONS

This report provides a detailed description of the characteristics
of gold, indium, and gallium doped MOSFET device structures as infrared
detectors. In doing so it also provides a detailed description of the
characteristics of these three impurities in silicon. In the case of gold,
the results obtained could be compared to those obtained previously by this

'?g and other authors. In the case of indium and gailium the work was much more

‘75 exploratory and this work constitutes to the author's best knowledge the

first direct observation of the thermal and optical emission characteristics

of these centers.

Work was begun on gold-doped devices first because of the author's

PR T £ e e

prior experience with this impurity center and due to the fact that the
measurements could be easily done above 77 %. At the beginning of the project
facil{ties existed only for measurements above liquid nitrogen temperatures

and the laboratory facility at the University of Arkansas for processing
MOSKFET devices was just being set-up. This work, on gold-doped devices, served

to dewonstrate that the device did in fact work according to the original

design concepls which had been previcusly reported in Aujust 1974. The
P gold-doped devices, however, had a low quantum efficiency; primarily since
it was desired not tc overcompensate the substrate and make it highly resist-
ive at room temperature.

Following this, work was infitiated on indfun and gallium doped devices.
By this time sufficient experience had been obtained in using the MOSFET device
structure as an infrared detector Lo allow %h%esign and acquistion of the low
temperature and long wavelength infrared systems required in characterizing the %
device. Classical chopped radiation systems are not appropiate for an integrating
infrared detector and many of our arrangements are rather unigue. In addition
the specially doped indfum wafers had been ovtained and a diffusion source for

producing gallium doped wafers identified. At this time, the spring of 1975,
-42-
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neither indium nor gallium doped wafers were readily available, even from
DOD contractors who were also just starting to become actively engaged in
work on indium and gallium doped silicon detectors.

The subsequent work on indium and gallium doped detector proceeded
in a relatively straightforward manner. A very significant difference was
however to occurr in later work with the realization that 1igntly baoron
doped substrates could be employed to make a very large improvement in the
quantum efficiency of the detectors. One objection to use of the IRFET
detector had been the low quantum efficiency reported in the initial work
and in the original design proposal. Using devices with a large indium or
gallium cuncentration and a low boron concentration necessitated reworking
a1) equations describing device operation and the development of different
analytical techniques. The detailed work is presented in the Appendices,
and this introduction serves to outline all the different possibilities for
doping ratios and device reponse characteristics and summarize results.

if one 1s most {nterested in impurity center characteristics, for the
measuremnents at least, it 1s more convenient to have A large boron concentr-
ation and low indium and gallium concentration. Such crystals would however
be hard to grow.

This report we believe demonstrates that the IRFET device structure
can ifn fact be used as a detector in the near, middle, and far infrared wave-
length regions. It's very unigue characteristics might make it particuiarily
advantageous in some applications.

Besides the participants the author would like to acknowledge the
assistance of Prof. C.T. Sah, at the University of I11inois, and the technical
contract monitor, Dr. Jacques E. Luaman, of AFCRL, in providing insight and

direction to the course of this work.
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APPENDIX A

GOLD-DOPED DEVICES*

Gold has been used most common]y‘as a deep impurity in silicon diodes and
transistors to increase their switch?ng speed. An accurate description of the
behavior of gold in silicon is useful in designing these devices and predicting
their characteristics; therefore, exhaustive work has been done by several
investigators in order to describe the thermal and optical emission and capture
of holes and electrons at gold centers in bulk silicon [1,2,3]. This paper
discusses an extension of the work carried out so far on the influence of gold
in the surface space-charge region of MOS devices. Our work is the first
known attempt to fully examine the effects of infrared radiation on the gold
impurity centers in a surface depletion region behind the inverted channel of
metal-oxide-silicon field-effect transistor (MOSFET).

As a deep two-level impurity in bulk silicon, gold introduces an acceptor
Tevel and a donor level in the bandgap [4,5]. The gold center can be ionized
by the capture of holes from, and the emission of holes to, the valence band
and/or the capture of electrons from, and the emission of electrons to, the
conduction band (see Fig. 1[6]). This ijonization will occcur as a result of
any sufficient thermal or optical excitation. Within a depletion region,
however, only the emission of carriers from the centers is probable, since
there are no free holes or electrons available for recapture until the reverse-
bias, or inversion condition, is removed by accumulation. In addition, the
thermal emission rate is a very strong function of temperature!{’]; thus.
thermal emis.ion can be effectively eliminated by adequate cooling.

Gold-doprd MOSFLTs have been designed and fabricated in the University

of Arvansas Solid-State Devices Laboratory for use as infrared detectors

»

Thi. section is based on material which has been published in the IEEE
Trans. on Flectron Devices, Oct. 1975, pr. 216-924, W.C. Parker and L.Forbes.
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GOLD IMPURITY CENTER IN SILICON
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Fig.l. The important carrier emission processes from the energy levels of
gold in silicon. In each casc the superscripts "t'" and "o'' denote thermal

and ontical phenomena, respectively. Cp-l is the emission of holes from the
gold donor level to the valence bhand, Cho is the emission of holes {rom the

gold accepter level to the valence band, and cn]is the cmission of electrons

from the acceptor level to the conduction band.
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(IRFETs) [8]. The basic research objective was to experimentally characterize
the operation of this new type of photon detector [9] when illuminated by
near~infrared wavelength radiation, 1.e., 1.38 to 3.54 um. It was also desired
to show that IRFET channel conductance depands upon the characteristics pre-
vicusly observed for the gold center in bulk silicon by p-n junction capacitance

measurements,

THEQRETICAL OPERATION OF IRFETs

The IRFEf is operated at low temperalures, and impurity photoionization is
emcloyed to modulate the channel conductance. In the schematic diagram of
Fig. 2, an r-channel device is shown. The p-typ2 substrate is doped with both
the shallcw-level acceptor boron, and gold. At the temperature of operation,
the relative dopings have been chesen such that all the gold centers are fonized.

1f the MOSFET is originally preset by turning it off and accumulating the
surrace, then the gold impurity centers in the surface space-charge, or deple-
ticn, region are ionized by the capture of holes (positive charge state) and
remain f1lled when positive gate voitage is applied. In theory, the conductance
of the MOSFET channel 1s a function of the number of ionized impurity centers in
the space-charge reqgion since the threshold voltage is a function of this space
charge. If infrared radiation, e.g., 1.77 to 3.54 .m, 11luminates the device,
then the gold centers in the depletion region can be photoionized or discharged
by the emission of holes to the valence band. By restricting the discussion
tc the donor-level response, analysis of the IRFET is greatly simplified. At
higher vhoion energies, the response involves the combined emission rates of
the acceptor and donor levels.

Photoionization of the gold impuri‘y centers in the surface depletion region

will change the net space charge and modulate the conductance of the IRFET,

e it
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This basic operating principle may be better understood by writing the charge

equation as
QG+QSS = - (QCH+QAU+QB) ’ (])

where QG {s the charge at the gate electrode, st is the fixed positive surface-
state charge (which is dependent on crystalline orientation and process) at
the 51-5102 {nterface, QCH is the charge contributed by electrons in the channel,
QAu is the charge contributed by ionized gold in the oxide or near the silicon
surface, and QB is the net charge in the surface depletion region generated by
ionized doping impurity atoms. Since all terms in Eq. (1) except QCH and QB
are constant, the n-chanrel gold-doped MOSFET must obviously lose electrons
from tts inversion layer as the net surface space charge becomes more negative
by photoionization of the gold centers due to infrared 1l1lumination, and channel
conductance thus decreases in order to maintain charge neutrality,

The basic physical mechanism of impurity photoionization 15 also shown in

Fig. 2. The important microscopic processes for an impurity center with an

energy level near the valence band edge of silicon are optical hole emission

o] t

e thermal hole emission ep (which is negligible at low temperatures), and

hole capture cp. Capture is important only during the reset operation of the
{RFET since at all other times the gold impurity centers are in a depletion

region where there are no free holes to be captured.
DEVEI.OPMENT_Of A DEVICE MODEL

A. Threshol¢ Voltage

The turn-on voltage VT of a MOSFET fis

where VFB is *he gate voltaye required to establish the flat-band condition
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i (no charge 1s induced in the silicon substrate) and 2¢¢ - Qp/C, s the gate

! voltage required to just bend the bands through an amount equal to twice the

o

Fermi potential g The gate oxide capacitance per unit area, Co' 1s detined

TWIEIERT,

as

) (3)

z
¢ ox

]
!
|
|
1
|
!
j . 0 KOXCO/X
1

S

where “ox is the relative dielectric constant of silicon dioxide, ‘o fs the

_ electrical permittivity of free space, and Xox is the thickress of the oxide.

; Eq. (2) 1s well-known and a further definition of terms, or a more detailed

! derivation, may be found in scveral reference works [10,11].

I The channel conductance of a MOSFET can be modified by application of a
reverse-bias voltage VBG to the substrate. This back-gate hias serves to

fonize additional dopant impurities in the space-charge region beneath the
inversion layer. If boron is the only impurity doping in the silicon substrate,
back-gate bias affects the threshold voltage of Eq. (2) through the term Qp-

The expression for the threshold voltage of an n-channel MOS device thus becomes

= : AN D ST
VT VFB + Z'f + "?-' S' Oq‘NA’(.zf VBG/ /Cos (4)

where « 15 the relative dielectric constant of silicon, q is the electronic
charge, and NA is the number of boron acceptor atoms per unit volume of the
substrate, As back-gate bias increases in absolute value, the threshold

voltage for a depletion-mode, or normally "ON", device decreases in absolute

; value.
B. Change in Threshold Voltage

If the substrate is additionally doped with qold, then the net space charqe

consists of contributions from both the 1onized boron centers (neagative) and
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the gold impurity centers (positive). Eq. (4) may be rewritten as 3
Vp=A+B AN, (5)

where ;
A= VFB + 2¢f’ (5a) ?

B = /2K €,a(20; - Vg /C, (5b) é

i

and NI is the effective impurity doping concentration. 1In Eq. (5), the Fermi

potential e is assumed to remain approximately constant for a device with

[EVSSIPRLITEEIN IE TPV

substrate bias, independent of temperature,

If the boron doping concentration is much greater than the gold doping
f concentration, and the cooled (T < 100°K) IRFET 1s preset in the dark, then
all the gold centers will be filled with holes, or positively charged., The
effective doping concentration fis NI = NA - PD. where PD 1s the total number
of 1onized gold donor atoms. The gold doncr centers in the surface depletion

region behind an inverted channel remain in their positive charge state unti)

o
b
g
-
hi
;
i
3
b
5_

the device is 11luminated with near-infrared radiation. They then become

neutral with an average time constant « = 1/eg (123, and

g Pplt) = Nypexp(-t/1) (6)

where NTT is the nurber of gold impurity atoms per unit volume and PD(t) is
the number of {onized gold donor centers as a function of 11lumination time [8].

After surface accumulation at t = 0, Eq. (5) becomes

S i, R
where V} is the initfal threshold voltage of the device hefore {1lumination.

If near-infrared radiation illuminates the IRFET until all the gold centers
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emit their holes to the valence band, or discharge, then PD = 0 and Eq. (5)
becomes

v§=A+B/N“. (8)

where V; {s the final threshold voltage of the device with all the gold centers

neutral.
The static change in threshold voltage, AVT. can now be detevmined by sub-

tracting Eq. (7) from Eq. (8):

£ RS
Ay = Vg - Vg 0 BOAN, - ATTNT) (9)

since NTT << NA then

S a3 e a -

My B(Npp/2AG) (9a) i

i

An expression for the 11luminstion timc dependence of the threshold voltage,

V%(t). can be found by cumbining Eqs. (5), (6), (7), and (9):

PRSEY 3

vhe) - vh e adon b e B L et (10)

C. Statement of Device Fquations

The fundamental curvent-voltage (1-V) characteristics of a MOSFET are

IDS = ZAVDS(VGS - VT - VDS/E) (1)
in the linear region where VGS - VT E VDS' and j
Tne 8 (Vee - Vp)or2 12) !
DS IS D ¢ g
i

fn the saturation region where VGS -V & VDS' Fas. (11) and (12} were taken

from the derivation of Carr and Mize [10] in which the surface carrier mobility




Lk R &1t

REACL > Stk

is assumed to be constant, and IDS is the drain-to-source current flowing in
the channel, VDS is the voltage applied between the drain and source, VGS is
the applied nsate voltage, VT is the threshold '21tage of the MOSFET, and
A= uCow/L, where 1 1s the surface electron mobility in an n-channel device
and W/L is the geometric width-to-length ratio of the channel,

[t can be shown that for a static change in the threshold voltage of a

MOSFET, the resulting change in the drain-to-source current, A[DS’ is

in the 1inear region, where 8 » uC.w/L, and

Algg = = B(AVL) (Vg = Vp = 0V4/2) (14)

in the saturation region. Solving Eqs. (11) and (12) for 2 in tha linear and
saturation regiuns, respectively, and combining the results with Eqs. (13) and
(14) yields two different equations which now specify the static change in
threshold voltage in terms of expevimentally observable 1-V characteristics:

i

Alne(Vae = Vo = Vae/2)
Mo = - ,_Qi_G.S-.-.T.T_..-.E._ (15)
I

T
DS

1]
in the linear regfon, and if /\IDS < IDS' then
Al v

i
Jnc{Vae = Va)
PRV N (16)

T
ZIDS

in the saturation region, where Iés is the current before 1llumination.
A description of the current transients versus time readily follows by

substituting Eq. (10} for VT in Eqs. (11) and (12). Now

-A9-
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I (t) = BV (Vg - v Ef%: Npgll - exp(-t/T)] = Vp/2)  (17)
A
and
3(Vgs - v} . Ef%: Negl1 - exp(-t/t)])%
I5g(t) = Ly (18)

in the 1inear and saturation regions, respectively, where Ibs(t) {s the drain-

to-source current in the IRFET as a function of 11lumination time. Eqs. (17)
and (18) are valid only if all the gold centers are in their positive charge

state at t = O,

s

EXPERIMENTAL METHOD

A. Technique of Measurements

Drain current, ID%' and photocurrent, AIDS’ were measured as functions of
Jdrain voltage, gate voltage, temperature, photon energy and 1llumination time.

These results were compared with theoretical calculations in order to evaluate

the accuracy of our modcl, Relative doping concentrations were determined
from IRFET threshold voltage versus back-gate bias measurements before and
after infrared illumination. i
The MISFET devices were mounted in a4 temperature-controlled sample chamber, |
and a Bausch and Lomb high-intensity grating monochromator was employed as the
1ight source. A germanium or silicon filter was used to suppress all stray
1ight and higher orders of diffracted light. A1l current measurements were
performed with a Hewlett-Packard DC Micro Volt-Ammeter 425A in conjunction
with a Houston Instrument Omnigraphic 2000 X-Y Recorder. A1l vcltdges were
measured with Fluke Digital Multimeters 8000A. An iroun-constantan thermocouple

voltage was monitored with - Keithley Electrometer 602 to determine temperature.

-A10-




B. Processing of Devices

The n-channel MOSFETs were manufactured on 1- to 2-0 cm boron-doped silicon
wafers of (100) orientation. After the gate oxidation, gold was evaporated on,

and diffused for 7 minutes at 1000°C from, the back face of each slice. The

R T T T s T

devices were then pulied straight out to the end of the furnace and cooled to
15 em3

room temperature., The resulting gold concentration of approximately 2 x 10
corresponds to the results of previous work with bulk silicon (p-n junctions) [1].
The gate oxides of the MOSFETs used in the work are 4000 R thick (estimated

by viewing the oxide perpendicularly under white light), and the channels have

an 8.17 W/L ratio 1n a circular geometry. Each device was placed on a T0-5
header and meunted 1in a reflective cavity to provide for frontside and edge

i1lumination.

RESULTS AND DISCUSSION

A, Results

——e .

A typical data curve using monochromatic 1llumination is shown in Fig. 3.

In this case the drain-to-source current is plctted as a function of il1lumination

time, but AIDS exhibits similar behavior as a function of temperature. The

b

t é emission rate of carriers from the gold centers thus can be determined by noting
Ei . the time v at which -AIDS(t) reaches a value equal to 1/e of {1ts maximum value.
E : The thermal time constant associated with emission of holes from the gold

1 : ' donor level, o is plotted versus 1000/T (°k} in Fig. 4, g = A exp(AE/kT),

s where A 1s a constant, AE is the energy difference, or location, of the level
with respect to the valence band, k 1s Boltzmann's constant, and T 1is the

temperature in degrees Xelvin. The slopc of the 1ine now determines :E:

Moo= 0.19842 A!og]OID/A(IOOO/T) (19)

L <AT-
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which for the gold donor level is 0.35 eV [2]. This resu't is also shown to
closely match the results previously obtained for the gold donor level in
buik silicon and in a surface depletion region by measuring capacitance
transients on p-n junctions [1] and MOS capacitors [9], respectively. It was
therefore concluded that a concentration of gold impurity centers (NTT < NA)
was observed in the surface depletion region under the MOSFET channel.

The optica?! emission of carriers from the gold center is observable if
the temperature is low enough such that e0 >> et. Then e° = Hoé. where < is
the photoionization cross section in cm2 and ¢ is the incident photon flux in
number ner c‘m2 per second. However, gold is a double-level impurity in silicon,

and optical response can be observed for both the donor and acceptor levels in

the near-infrared wavelengths from 1,13 to 3.54 um,

0

Fig. 5 shows the relative photoionization cross sect. - ug_] and cgo + I

respectively, cf the donor level and the acceptor level as functions of photon
energy, i.e. from 0.38 to 0.72 eV and 0.58 to 0.9 eV. The acceptor level
response was obscrved by operating the TRFET at an elevated temperature where

oé-] is very large, but <till cool enough such that eg

t
0 and e ure small,
The op:ical time constant associated with emission of carriers from the gold

acceptor level, A is given by
- TR Q _ 10 AO \
‘[A = ]/(EDD + en]) = 1 /[4(¢ 00 + ..n])] \ (20)

where ego is the optical emissien rate of holes to the valence band (neutral
charge state) ana eg] 1s the optical emission rate of elecirors to the con-
duction band (renative charge state). Since the acceptor level is near the
center of the hendgap. neither eﬁg nor 921 can be assumed negligible. Extrap-
olation uf the curves indicates that the threshold ionization energies of the

gold dsnor and acceptor levels are (.35 eV ard 0.55 eV, respectively.

-Al4-
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K.

The normalized results shown in Fig. 5 have been corrected for the spectral
characteristics 2f the monochromator, but our experiment was not calibrated in
terms of absolute photon fiux. There is considerable difficulty in determining
the absolute magnitude of photoionization crecss sections because reflections
exist within the MOSFET. In fact, iarge discrepancies in deternining optical
flux have been reported by several differeni laboratories that performed
identical measurements [13]. The results of our work for gold in the surfaze
depletion region of a MOSFET are compared to the normalized results obtained
by other authors [1,14,15] for gold in bulk silicon. A most likely calibration

2 for absolute determinations is indicated. The response of

point of 107 Sen
the IRFET to infrared radiation thus is predicted by the photoionization cross
sections of go'd in silicon.

Knowing the basi¢ MOSFET equations and identifying both the temperature

and photon energy dependencies of the gold-center emission rates enables a

rather complete mathematical description of the important IRFET characteristics.

In Fig. 6, drain current IDS is plotted as a function of gate voltage VGS in
the linear region both before and after infrared i1lumination for a source to
drain voltage, VDS = 1.0 V. The theoretical threshold voltage cf the device
may be found by extrapolating the linear portion of each curve back to an
intersecticn with the yate voltage axis. The intercepts in Fig. 6 are -16.4 V
and -14.6 V. According to Eq. (11), VGS = Vp o4 VDS/2 when IDS = 05 thus
Vi s 6.4 - 17z = -i6.9 v, vE = 21006 - 0.5 = 151 v, and W = 418 v

Most gold-doped devices tested throughout our work exhibited a negative
threshold voltage shift. This result contradicts the recent experimental
resuits of Sproul and Nassibian [16]) who naoted a positive shift o7 turn-on

voltage in gold-doped, n-channel devices and proposed that the gold can remrove

the fast interface traps of continuous enerqgy distribution and can also add

-A16-
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acceptor interfaces states very clnse to the valence band edge. Collins

et. a1 [17] suggested that the observed positive shift can also be due to
fixed negative gold fons in the oxide very near the oxide-silicon interface.
On the other hand, Cagnina and Snow [18] demonstrated the presence of
positively charged ions in the oxide near the interface by . .sing gold
from the top face through the oxide. When diffusing gold from the silicon
side, Brotherton [19] showed, by neutron activation analysis, even higher
concentrations of gold in the oxida near the interface than in the silicon.
If such concentraticns were producing positively charged ions in the gate
oxide of the MOSFETs, they would cause a negative shift of threshold voltage

as observed in our work. However, a large negative threshold voltage was

observed for all our devices both before and after {1lumination. Such values
are inconsistent with {100) orientation, 1- to 2-%+cm silicon wafers; therefore,
this behavior is possibly due to a high Oss concentration and/or some sodium
contamination during processing. Our MOSFETs were thus depletion-mode devices,

but this anomalous resu'lt does nut affect the outcome of this paper.

If the surface potential Gg = 2¢f is assumed approximately equal to unity,

then Eg. (5) explicitly states that threshold voltage Vy is a function of
backgate bias voltage Vg, through the term T - g - Differentiating Egs. (7) 3
and (8) with respect to /T - Vgg 9fves E]
[
avy — i

-‘—;1— - = C\/NA - NTT (2])

4T~ Vgg

and 4
avi ,. |
e E C‘/NFA ’ (22) !
dv/T - Vag l
j
y
4
-A1g-
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respectively, where C = B/.ﬂ'ffvga = J?E;?;H/CO. Threshold voltage Vi is
plotted as a function of /T“r*vgg in Fig. 7 for the cases where the IRFET
has been preset and all the gold centers are positive (NI = NA - NTT) before
{1tumination, and where the IRFET has been illuminated and all the gold
centers are neutral (NI = NA). By squaring the ratio of the slopes of the
two lines, the ratio of the two effective impurity doping concentrations is

given. Thus, from Eqs. (21) and (22},

-8 A TT (23)

Substituting the values obtaired from Fig, 7 into Eq. (23) yields NTT ~ 0,2 NA'

16 -3

If Ny =10 cm °, then the gold doping concentration Nez = 2 x 1015¢m™3,

Furthermore, the oxide thickness is calculated by solving Eq. (22) with

X

ox
Q

the aid of Eq. (3), yielding - 3800 A. The anticipated maximum change 1in

threshold voltage with Vgo = -6 V is found now by solving Ea. (9), ytelding

AVT = +1,64 V., This value is in good agreement with the experimentally

observed Wy = +1.8 vV {cf. Fiqg. 6),
B. Model verification

The experimental [-V characteristics of an IRFET are shown in Fig. 8. By
solving Eqs. (11) and (12) for L and bg in the linear and saturation regions,
respectively, and evaluating at several appropriate points on the curves, an
average surface electron mobility of 290 cm2/V~sec is found. Vlhe average i
is used in the device equations to model the IRFET. This result indicates
that the effective surface electron mobility in gold-doped n-channel MOSFETs

{s reduced probably due to additional impurity scattering off the gcld sites [20].

-A1G-
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By calculating a set of 1-V characteristics and comparing them to experi-
ment, the mathematical model developed in this paper can be shown to describe
an IRFET with an accuracy of +30% under all operating conditions. Surface
carrier mobility is not censtant, however, and depends on the effective gate
voltage (VGS - VT)’ as illustrated in Fig. 9. Here the photocurrent, ~ipge
is plotted as a function of gate voltage VGS in the 1inear region. Although
the observed characteristics closely follow the functional form of Eq. (13),
some decrease is expected near threshold and slight deviation is noted at hiah
effective gate voltages due to field-dependent mobility.

If a set of device equations which more accurately agree with the experi-
mental DC characteristics of Fig. 8 is required, then empirical expressions
can be written for mobility and substituted into the fundamental integral of
derivation £21]. Also, the simple model makes use of a constant depletion-
layer approximation., This assumption of constant QB with respect to the
gate-bias potential VGS can Tead to error in the analysis of MOSFET devices,
particularly those operated in the saturation ragion. A detailed treatment
of this second-order effect has been made with the result that the basic device
rquations are even wore extensively modified (72,23]. Fortunately, most I[RFET
desians can be treated analytically with the model developed in this paper,

In Fig. '0, tne photocurrent, '.IDS‘ 1s shown as a function of gate voltage
VGS in the caturation region, The curve closely follows the functional form
of La. {14) with the result that the linear portion of the curve extrapolates
to VGS = V} b VT/? = -16 ¥ when iIDS = 0. ‘VT - 1. ¥, which is again ip
yuod agreement with the predicted Wi +1.64 V. Since the most significant
errars are axpected in the saturation reaion of [RVL™ operation, this result

iends much credibility to the simple model.
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SATURATION REGION
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’

photocurrent versus gate voltage in the saturation region.
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C. IRFET Responsivity

The IRFET can be operated in the linear or saturation mode, but to achieve

high responsivity it seems most desirable to operate the device in the

saturation region where photocurrent, AIDS is independent of drain voltage VDS'
The time dependence of phoiocurrent, AIDS(t), in the saturation region is

obtained from Eqs. (10) and (14):
Alyg(t) = - (Vg - VhavL[) - exp(-t/7)] (24)

if AVT << VGS - VT‘ Also, if the time period t is much less than the time

_! constant ©, then AIDq changes linearly with time, or

. t
Mpg(t) = alpg pay 7 (25)

4

T

%. where Alpe ., 15 the maximum static photocurrent at t = =
: .

- Given that the IRFET integrates the incident infrared signal for a time
{ ; period t << 7, there will be a total input energy E1n = dthwA, where hu s

the average photon energy and A(= WL) is the active area of the device. At

E the end of the integration period t, the drain-to-source current will have

changed an amount AIDS(t). The output power pout = lIDS(t) VDS’ and the

output change is permanent until the IRFET 1s reset, AIDS thus can be read
L]

for an indefinitely long time, This consideration suggests the following

rather unique definition:

Responsivity = Output Power/Input Energy (26)
An example is given in Fig. 11 where a responsivity of 4mW/.J has been easily
achieved.
AIDS(t) depends on the integration time t, which is much less than -, ;

the rffective gate voltage VGS - VT’ which must be less than VDS' and the

-AZ5-
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Fig, 11. An example for calculating the responsivity of IRFIT,
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W/L ratio, which remains constant with decreasing size. Thus AIDS(t) will
always be the same for a given photon flux ¢, regardless of the area of the
device., Interestingly enough, the output signal power increases directly as

the drain voltage VDS' which can be arbitrarily large but less than the reverse-
breakdown voltage of the drain junction, while the input signal energy decreases
directly as the area (WL). Much higher responsivities are obviously obtainable

for smaller devices with the same W/L ratio.

CONCLUSTONS

An analytical model has been developed whereby the gold-doped, infrared-
sensing MOSFET (IRFET) can be described with accuracy sufficient for most
engineering applications. The experimental results leave 1ittle doubt that
the energy levels, or threshold ionization energies, and photoionization cross
sections of gold in a surface space-charge region correspond to those previously
observed in bulk silicon. Furthermore, the IRFET behaves according to pre-
viously published design criteria [B8]. The infrared-sensing MOSFET has a low
quantum efficiency n, f.e., n * of Moty = 1.5(1078)2(10'%)1.02(107%)

3.06 ¢ ]0'5. where wd js the width of the surface depletion region, but has a
very high gain G (or ratio of the number of electrons 1n the external circuit
to the number of incident photons, both in the same sample period), e.g., i
6 = Alpg(t)/(aeA) = 4(107°)/01.602(1071%)3.33(10'%)2.5(1073)] » 300 (cf. Fig. 11),
when compared to a photoconductive detector [8].

This device is an infrared detector that has some very unique capabilities,
namely, a static read-only memory, 8 negative photoconductivity, an integrating
function, and a high responsivity that is Timited only by some as yet undeter-
mined noise consideration. In addition, large-scale-integrated detector arrays
(with polysilicon gate construction or provisions for backside {1lumination)

should be possible with existing silicon technology.
-A27-
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Determining a suitable noise figure-of-merit and checking device uni-
formity in array configuracions comprise the remaining work to be done with
this IRFET. Even though only the near-infrared characteristics of gold-doped
IRFET have been investigated in our work so far, there appears to be no reason
why response extended throuch the far-infrared wavelengths, 1.e., 3 to 14 um,

is not possible by doping the device with tndium or gallium [8].
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APPENDIX B

INDIUM-DOPED DEVICES*

INTRODUCTION

The IRFET [1-5] which operates at low temperatures employs impurity
photoionization to modulate 1ts source to drain conductance. An n-channel
IRFET 1s shown in Fig. 1, and is based upon a MOSFET device structure [6,7,8].
The p-type substrate is doped with both indium and a shallow level acceptor,
boron. The indium center can exist in two distinctive charge states. The
neutral charge state corresponds to the condition when the indium center is
occupied by a hole, When the indium center is ionized, the loss of this

positive hole to the silicon valence band leaves the indium center in a negative

charge state.
The IRFET can be initially preset by turning it off and accumulating the !

surface. In an n-channel device, this would correspond to the application of E

a negative voltage to the gate electrode, VGS’ which would bend the bands at

: the silicon surface in such a manner that holes, majority carriers, would
accumulate there. The preset operation insures that all of the indium centers
5 capture a hole and thus exist in their neutral charge state.

The IRFET 1s now "biased on" by the formation of an inversion layer of

minority carriers between the source and drain regions and a resuiting current

o o Shilaa s sl o ol

flow, IDS’ between these regions. For the device under consideration, this

corresponds to the application of a gate voltage, VGS’ more positive than the

threshold voltage, VT' of the device and a positive drain potential, VDS' As
shown in Fig. 1, the application of these voltages produce a surface depletion

region within the device. If infrared radiation in the 2.0 to 7.0 micrometer

Rt B TR S

wavelength range now 11luminates the device, sufficient energy will be available

——
Based on material which has been accepted for publication in the IEEE Trans,
on Electron Devices, by L.Forbes, L.L.Wittmer and K.W.Loh.
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to photcionize the indium center by the emission of a hole to the valence
band [9,11]. This photoionization process changes the net charge within the
surface depletion region to a more negative quantity since the indium centers
are being converted from a neutral to a negative charge state. The change
in charge state modulates the conductance of the surface inversion channel
between source and drain since the conductance is a function of the number of
{fonized impurity centers, Nl’ in the space charge region. Therefore, IDS will
be continually changing as the photoionization process progresses up to the
point where virtually all of the indium centers are eventually ionized [4,5].
Operation of the indium-doped silicon infrared sensing MOSFET (IRKFET) has
been previously demonstrated in a short report [5]. This work describes a
more detailed characterization of the device for application as an infrared
detector which might be particularly useful in the 3 to 5 micrometer wavelength

range.

DEVICE EQUATIONS

The two basic operating regions of the MOSFET are the linear and saturation
regions. Equations relating drain to source current to drain to source voltage
are well known and are found in many solid-state device books [6,7,8]. In
the linear reglion of operation, VGS - VT > VDS' the device equation is expressed

as

Ips = BVpsiVgs = Vr - Vps/2) M

where 8 = uCON/L. and where u is the effective surface electron mobility in
an n-channel device and W/L is the geometric width-to-length ratio of the

channel., The gate oxide capacitance per unit area, Co. can be calculated from

C =« (2)

£
0 0oX 0

/x0
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where Kox is the relative dielectric constant of silicon dioxide and X is

the thickness of the oxide.
In the saturation region of operation, VGS = V; < Vpg and VGS > Vg, the

device equation is expressed as

2
Ips = 8(Vgg - Vp)©re. (3)

If the final and initial charge states of the indium impurity center

are defined as before, an initial and final drain to source current can be

expressed as [3]

i atiiefachdaduttine po ook T Lie TE A
e . oLl DR LR . L - .

i i
Ins " BVpslVgs - Vr = Vps/2) (4)
and
1f e v (Voo - VF - v /2) (5)
ps * BVpsVes - V1 = Vps

T—

in the 1inear region of operation, where Iés and IBS correspond to the initial

and final values of the drain to source current.

The resulting static change in drain to source current, AIDS' may now be

found by subtracting Eq. (4) from Eq. (5). Thus

- Ty

' .o f i
; Mpg = Ipg - IDS -e(AvT)vDS (6)

e 2 done o e bl

where AV; is the maximum change in threshold voltage or V; - V}. Following

a procedure similar to the above, the static change of drain to source current

e

fn the saturation region becomes

i
AIDS u -B(AVT)(VGS s Vy - AVT/Z) . (7

TR R TR

The negative sign in Egs. (6) and (7) indicates that IOS decreases in

magnitude during photoionization. This result is fntuitively reasonable since

I
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the threshold voltage increases as the indium centers ionize and the threshold
voltage, VT’ is defined as the applied gate voltage at which drain to source
conduction is terminated.

If the IRFET 1s held at the constant operating temperature, the threshold

voltage may be written as [3],

Vo = A+ BJN; , (8)

T

= - . 1/2 .
where A = Ve + 20, B = (2kgue,0(20¢ = Vga)) /7/C 0 Ny = Ny + Ny (£), Ny (t)
is the number of ionized or negative indium centers, and Ny the shallow level
acceptor concentration. Vp is the flatband voltage and ¢, the fermi potential.
If the neutral charge state is defined as the initial condition and the negative

charge state as the final condition, the following two expressions may be

written:
i
Vp = A+ B/N; (9)
and
f - |
Ve = A+ B+ R (10)

where V} and V$ represent the irnitial and final values of the threshold voltage

and NIn is the total indium concentration.
The static change in threshold voltage, AVT, can now be determined by

subtracting Eq. (9) from Eq. (10):

f i —
BVp = Vo= Vg = B(/N, N In " /N;) ()

1f the operating temperature of the IRFET is chosen such that eg >> e;
for a given incident photon flux, the increase in threshold voltage given by
Eq. (11) will be due only to the photoionization of the indium centers [11].
The indium centers will become negative with respect to time during the photo-

fonizatfon process according tc
~B5-
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Nip(t) = Nln[l - exp(-t/t)] , (12)

where in this case t is 1/98. 1f, on the other hand, thermal emission is
dominant, 1 1s 1/e; 3.
An expression which describes the current transients can be obtained by ,;

simply replacing Vy by Eq. (8) in Eqs. (1) and (3). Thus

In(t) = BVpg(Vge = V1 - BUN F N TT = eip(-t/01] - ;) - Vp/2)  (13)

and

I5s(t) = (8/2)(Vgg - Vp - By F R TT=8w(-/77] - A 12, (14)

in the linear and saturation regions, respectively. IBS(t) is the drain to

source current in the IRFET as a function of 11lumination time.

The type of decay that IDS will exhibit can be more clearly seen if we i
expand the square in Eq. (14}, Thus

4 1e(t) = (8/2)(F% - 2FBN; TN, TET + 2FBAN, + 82, + BEIN, Ny (8)] ,-;
2 R N_TeT (15)
-28 JNK At Nalt ]

1
where F = VGS - V~l and Nln(t) ic given by Eq. (12).
In evperimentally characterizing the device, this report will primarily
treat the saturaticn region of operation which corresponds to the most desirable
mode of operation due to the higher responsivity and lack of dependence of the .

photocurrent on drain to source voltage.

DEVICE FABRICATION AND MEASUREMENT TECHNIQUES i

The n-channel MOSFETs were fabricetea upon 3 to 5 ohm-cm indium-doped
silicon wafers obtained from General Diude Corporation, Framinghem, Massachusetts,

The n+ source and drair regions were formed by a phosphorous c¢iffusion from a

-96-
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5 x lozo/cm3 "spin-on" source. A {hree mask process was employed in the fabri-
cation whicn resulted in the gate oxide being the same thickness as the field
oxide, The gate oxides of the experimental devices were approximately 5400 X
thick and the channels had a width to length ratio of 9.32 in a circular
geometry. The oxide thickness was verified by measuring the gate capacitance
on a Boonton Capacitance Meter.

The IRFET, which is mounted on a T0-5 header, was soldered into a copper
sample holder in order to assure good thermal conductivity. This sample holder,
which for thermal measurements completely encompassed the IRFET, was then
attached to a model AC-2-110, open cycle, cryo-tip refrigerator manufactured
by Air Products and Chemicals, Inc, The cryogenic refrigerator incorporates
a Joule-Thomson type refrigerator which uses compressed nitrogen and hydrogen
as the refrigerant. A radiation shield, which 1s cnoled to 78°K, surrounds
the device and coldfinger. A stainless steel shroud 1s then fitted over this

5 torr is maintained within the shroud in order

assembly and a vacuum of 2 x 107
to thermally isolate the coldfinger from the outside world. Temperature
control 1s achieved by varying the hydrogen pressure at the inlet of the re-
frigerator.

The cperating temperature of the IRFET was determined by monitoring rhe
resistance of a calibrated Cryogenic Platinum Resistor obtained from Weed
[nstrunent Company, Inc,

For optical messurements, a Carvorundum Gas laniter, or Globar, was chosen
as the source of infrared radialtion. The "Globar Source" was operated with a
116 volt input and reached an operating temperature of 1500°C. The temperature

of the globar was determined with ar [rcon Radiation Thermomcter. The globar

is an approximate “blackbody source".
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Circular variable filters (CVFs) were employed to produce the monochromatic
infrared photon flux. These filters, obtained From Optical Coating Laboratories,
Inc., are optical interference coatings, vacuum deposited on circular substrates.
The spectral location may then be varied by physical rotation. The two 90°
segments which were used in the experiment covered the wavelength range from
2.5 to 8,0 micrometers, have possible half-bandwidths less than 1,35% and have
transmission for wavelengths outside of the pass-band of less than or equal to
%,

In the optical experiments, the IRFET was mounted so that it could be
{1luminated with infrared radiation from the back-side. This was accomplished
by drilling a 1/16 inch hole through the center of the T0-5 header before the
IRFET was mounted. A pictoral representation of the optical apparatus 1s shown
in Fig. 2. The CVF was rotated behind a 2 mm s1it with the angle of rotation
factory calibrated in terms of center wavelength. IRTRAN II, supplied by

Eastman Kodak, served as the outer shroud window of the cryo-tip refrigerator.

EXPERIMENTAL RESULTS

The photocurrent in the saturation region of operation is shown plotted as
a function of gate voltage in Fig. 3. This plot follows closely the functional
form of Eq. (7). The linear portion of the curve is shown extrapolated to
VGS = V; + AVT/Z = 25 volts when AIDS + 0, According to £q. (3), V} in the

saturation region can be found from a plot of (IBS)]/Z

versus Vec where the
VGS axis intercept directly yields V}. Such a plot results in V} = 19 volts.
Therefore, /\VT » 2(25-19) = 12 volts.

The values obtained for V} and V$ vary somewhat depending upoun whether

they were calculated in the linear or saturation regions. This {is probably

i ndidobani
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due to the fact that the simple model developed makes use of a constant
depletion-layer width approximation,

In order to calculate the theoretical change in threshold voltage, Eq. (11)
requires a knowledge of the doping concentrations of indium and the residual
boron impurities. If the surface potential, o = 2¢f. 1s assumed to be approx-

imately equal to 1 Volt, Eq. (8) states that Vi 15 & function of Vga through

the term (1 - VBG)]/Z‘ Differentiating Eqs. (9) and (10) with respect to

A
j
]
K

i | - VBG)]/2 ylelds
: dv; (n 172 (16)

2 + C(N 16 :
3 a0 - vge) 71 A :
'g : A
E}; and
.‘ . f

dv
T . 1/2
77y T C(Ny + Npp) (17)

S - and

d[(] - VBG)

, ‘ . 1/2
respectively, where C (2K51EOQ) /Co‘

laltes i xEeal

i In Fig. 4 a plot of Vo versus (1 - VBG)”2 has been made for the cases

i where the indium centers are neutral (dashed line) and negative (solid line).
{ . From an examination of £qs. (16) and (17), the effective dopings for both

; ; rharge states can be determined from the slopes of the lines in Fiqg. 4,

F.j Jtilizing an oxide thickness of 5400 R it was determined that NA + NIn =

Yy

5 ' 8.92 x 10'°/cm’ and Ny = 4.95 x 10'%/cm’.  Then, with an applied back-nate

bias of -2.5 volts, Eq. (11) becomes AVT 1.66 x 10'7(uﬁg‘¥"N{N - VNA

12.02 volts. This result matches the experimental value of .’\VT determined
in the saturation region almost identically. HNote in this case, NIn o NA‘
or the indium impurity concentration exceeds the shallow level acceptor
concentration, NA‘ The simplifying assumptinn NTT . NA used previously

[1,2,3] cannot be applied in the analysis of device operation to he presented

|
;,
!
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A typicai plot of IDS in the saturation region versus .ime as a result
of the thermal decay of the indium impurity centers is shown in Fig. 5. At
a time before t = 0, an accumulation voltage was applied to the IRFET to
insure that all of the indium centers would be in their initial neutral charge
state.

A careful study of the resulting curve revealed that IDS(t) obeyed a
nearly perfect exponential decay for t < TIDS where TIDS represents the time
constant of the IDS(t) decay. Therefore, for the sake of experimental con-

vonience IDS(t) was approximated by

tpg(t) = S expl-t/ry )+ T (18)

where T = IDS(m) and S + T = IDS(O). The time constant of the current decay
can then be determined by noting the time at which IDs(t) has reached a value
of exp(-1) of the difference between its maximum and IDS(w).

In order %0 determine the time constant of the indium decay, Eq. (15) can
be utilized to solve for 1 for a given plot of IDS(t). The IRFETs which were
employed in the experimental measurements, had the following representative

. - A ~ = - 1- =
parameters, t i 5400 A, 2®f ~ 1.0, VBG = -3 yolts, VT = +19 volts, VGS +26

0
volts, NA = 4,95 x 10]4/cm3, and Nln(m) = 8,425 «x 1015/cm3. at an operating
temperature of 52°K. By employing these parameters, F = 7, B = 1.78 x 10'7,
and B = 6.82 x 10'6. Incorporating these constants in €q. (15) yields the

relationships

Ios

(19)
Eq. (19), which will be utilized in interpreting the experimental data, is

valid between 0 ~ t/t < .496 since V.. < V; at t/1 > .496. However, since
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an experimental observation of IDS(t) was found to be approximated by Eq. (18),
a relationship is suggested between T, in Eq. (18) and 1, the time constant
N

of the indium decay, in Eq. (19). This relationship may be expressed as

1/t = a/rI (20)
NS

where

S exp(-t/1; )+ T =4.63x 1074 + 9.1 x 1074 (1-exp(-at/7; )1 -
DS DS
(21)

1.26 x 1071, 9¢5exp(-at/1; )12,
DS

and where o is a constant. The constants S and T, which were defined in Eq. (18),

were evaluated assuming the same initial and final values of IDS(t) as given by
Eq. (19). A computer numerical integration routine was then employed to find
an a such thﬁt the mean square error between the two functions in Eq. (21)
would be pinimize¢ for t/t < .496, the 1imiting value for which Eq. (19} fis
valid. Th2 resulting a which makes Eq. (21) true, was found to be .11446.
Therefore, Eq. (20) becomes

T+ 8,77 (22)

Los

Within the integration limits which were employed, this value of « matched
the two expressions in Eq. (21) with an error of less than 2.

The indium decay time constant may now be obtained by determining 1105
from a plot of IDS(t), as in Fig. 5, and by the use of Eq. (22). This
procedure was carried out for different temperatures of operation. The
resulting time constants were then plotted on a log scale versus 1000/T("K)

as shown in Fig. 6. This difference in the time constant of the current

decay, T and the time constant of the change in indium charcc state -,
)
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Fig.6. The thermal time constant for hole cnlssion from the indium accepter level for

various tempcraturcs as detormined in the IRFET.
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was incorrectly leftout in previous reports [4,5], the time constant shown

there for indium-doped devices with N, >> N, is 1 not T.
In A IDS

It has been determined that the time constant associated with the joni-

zation of an impurity level can be expressed as [9,11]

1

t = AT Sexp(AE/KT) (23)

1

where A] is a constant, AE represents the location of the impurity level with

respect to the valence band, k is Bnltzmann's constant, and T is th. tempera-

ture in degrees Kelvin. A straight iine drawn through the data points
employing a least mean square error technique then allows a calculation of

the fonization energy, AE, of indium in silicon,

AlogeT + |.5A1ogeT

AE = 1T A 7 = J.167eV . (24)

1
.1
?
N
1
i
?

This value corresponds to the value obtained by other techniques for the energy
lavel of indium in silicon [12-17].

An operating temperature less than 45°K was chosen for the optical measure-
ments so that the thermal emission rate would be very small. With the globar
on, a -40 to +40 volt square wave was applied to the gate electrode which
caused the silicon surface to alternate between strong accuaulation and strong
inversion, respectively. As in the thermal measurements, VDS was chosen such
that the transistor would be operating in the saturation region during inversion
and IDS was monitored. A typical resulting trace is shewn in Fig. 7.

The iJluminated decay of IDS is caused by two separate hole emissicn
processes; the optical hole emission initiated by the incident 1500°C photon
flux, e?, and the optical hole emission initiated by the 25°C "Background"

p
flux incident upon the device, eg. The IRFET is an integrating detector and
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integrates the background flux in the wavelength range out to 8 micrometers as
well as the monochromatic signal from the 1500°C source passing through the
filter. The total hole emission rate, e_, for the {1luminated decay can now

p
be expressed as [11]

= a0 0
ep : ep tep . (25)

Recaliing that 1 = 1/ep, the following expression may be written for
o
1 \
/tp

1/18 SRTANE 1/rg . (26)

With the use of Eq. (26) and Fig. 7, the photoionization cross section can be
determined. The results shown in Fig. & have Leen corrected for the spectral
characteristics of the globar, transmission of the CVF, and the bandwidth of
the CVF, but the experiment was not calibrated in terms of absolute photon
flux. Considerable difficulty exists in determining the absolute magnitude of
photon flux due to the reflections which exist within the IRFET [3]. The
photoionization cross section determined by other authors [16] from measure-
ments on an indium-doped photoconductor is also shown in Fig. 8. In Fig, 8
it can be seen that the general shapes of the curves are similar for both
segments 1 and 2 of the CVF. The photofonization cross section of indium in
silicon [12-16] thus determines the response of the IRFET to incident infrared
radiation.

When Eq. (26) was used to calculate the photofonization cross section,
TIDS. not 1, was the parameter employed. However, since the presented data
{s 1n terms of 1 normalized photoionization cross section, the constant of
proporttonality which exists between 1 and 1 will have no effect upon a

DS
normalized representation,
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In order to achieve a high responsivity, the IRFET should be operated
in the saturation recion where the photocurrent, AIDS' {s independent of the
drain to source voltage. Since the IRFET inteqrates the incident infrared

photon flux, an expression for the incident input energy, Ein' becomes

Ein = ¢thvA , (27)

where t is the length of the integration period, A is the active area of the
device, 9 is the photon flux and hv is the photon energy.

At the end of an integration period the drain to source current will
have changed by an amount equal to AIDS(t). The fact that AIDS(t) will remain
constant until reset and thus can be "read" for an indefinitely long period of
time following integration allows the following definition of IRFET respons-

ivity to be proposed [3]:

Photocurrent (28)

RESPONSIVITY = Tnput Energy

An example of calculating the responsivity of an IRFET 1s shown in Fig. 9 [3].
The photoionization cross secti~n of indium at 2.066 um was taken to be

8.4 x 10'7 cm2 (12,13,14]. In doing so we have used the results of Bebb and
Chapman [13] for the photoionization cross section rather than the smaller
value reported by Messenger and Blakemore [15]. The incident photon flux was
then determined from the time constant of the optical decay and photoionization
cross section as follows:

5 .

ho . h(2.998x10%)/(2.066x10"
;0.0 (8.7x3.35)(8.4x10"7)

rem. =

5 2 2

watts/em® |, ¢ = 4,09 x lOla/cm sec (2

e}
~—

3.93 x 107

LR AN
Teny

Values of around 4.8 milliamps/microjoule were

obtained for the responsivity. Much higher responsivities are expected at
-B21-
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i longer wavelengths since the magnitude of the photoionization cross section
‘ peaks at approximately 4.6 micrometers. In addition, since the photocurrent
depends, in saturation, only upon the integration time, the effective gate
voltage, and the W/L ratio, 1t will always be the same for a given incident
photon flux. Therefore, much higher responsivity can be obtained for smaller ég
devices with a constant W/L ratio since the input energy (or input power)

decreases as the area (W-L) decreases.

APPLICATION CONSIDERATIONS

Operating temperatures of less than 50°K are required to insure the

atabiabin ]

thermal emission rate of the indium center is orders of magnitude smaller

il i,

than the optical emission rate when the device is employed as an infrared
detector. The lower 1imit on the temperature of operation is determined by
the boron concentration in the substrale and the requirement that sufficient
holes are present in the substrate to insure a fast reset nperation where
Croset T 1/(cpp) and, cp, js the capture coefficient of the indium center

and, p, the hold concentration [11,9]. For the devices described here,

N N/. however, while deionization of the indium in the substriate was

In

almost ceoplete, suffizient horon ionization exists such that the rceset time

in the 207K to 50 K range was in the microscecond or sub-microscrond time

scaie and could not be conveniently determined.

Much higher responsivities could be achieved with snall area devices,
on the other hand, it has been <hown “hat under shot noise or backaroimi
limited operation the maximum obtainabtle signal to noise ratio depends only

on the surfoce charge storaqe density or total number of indium centers

L ) . ) D 2 1/7 . ‘ )

ionized in each device, S/N - (hlnhdA/A) / , where Hd is the denletion recinn

width and A the area [18]. Srail areas result in small $/% ratios. In the
-h23.
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case of gold-doped devices operating at 78°K it has been found that shot noise
or background limited rathar than 1/f noise 1imited operation can be achieved
for integration of less than 10 seconds [18]. The dependence of the maximum
obtainable signal to noise ratio on the square root of the total number of
stored charges is a common characteristic of all integrating semiconductor
infrared detectors and applies equally as well to the CCD scanned photoconductor
arrays where the charge is integrated and stored in CCD potential wells [16,
19,20,21]. Since the amount of charge which can be stored in any type of MOS
surface device whether MOSFET or CCD is of the same order of magnitude, the
selection of the particular type of infrared detector should be made on the

basis of other considerations.

CONCLUSIONS

The characteristics of the indium-doped silicon infrared sensing MOSFET
(IRFET) operating in the saturation region have been investigated and described
in some detail. Again 1t has been found that the device operation can be
described on the basis of a simple model [1] and that the results obtained
on gold-doped devices in the nzar infrared [3] can in fact be extended to
shallower level impurities, ~ower temperatures, and longer wavelengths. This
type of infrared detector wight be particularly useful for application in
large scale integrated infrared imaging arrays operating in the middle
infrared or 3.0 to 5.0 um wavelength range.

The !RFET detectour has some unique characteristics when compared to
alternate techniques involving CCD scanned arrays of extrinsic silicon
photoconductive detectors [16,19,20,21]. In the case of the IRFET, the
detector, storage or memory element, and the read-out and output amplifier

have essentially been integrated into a single device. In addition, IRFET

-B24-




arrays would work on a static or D.C. memory concept as opposed to the dynamic

or charge storage on capacitive node concept employed in CCD scanned arrays.
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APPENDIX C

GALLIUM-DOPED DEVICES'

INTRODUCTION

The infrared sensing MOSFET (IRFET) with gold and indium doping has been
demonstrated as an infrared detector with some unique characteristics for use
in the 1-3u and 3-8u infrared regions respectively [1-7]. This report deals
with the characteristics of gallium-doped MOSFETs for use in the far infrared
8 to 14 um wavelength range. Each particular infrared region has associated
with 1t particular characteristics, advantages, and problems. Application of
gallium-doped silicon MOSFET device structures in the far infrared is no
exception. In this case, the background in a 300°K blackbody source emitting
a photon flux of the order 2 x 1018/cm25ec. For imaging, to detect a small
temperature variation above the background then requires stringent control
of the gallium uniformity.

The operation principle of the IRFET is based upon the photoionization pro-
cess of a deep level impurity (gallium) in the depletion region of a MOSFET
at a temperature below the freeze-out temperature of the gallium center. Upon
irradiation, the Ga centers change charge state from neutral to negative with
a time constant t. This changes the threshold voltage which in turn changes
the drain to source current and is detected by an external circuit. At the
end of the exposure period, i1t 1s necessary to place the Ga centers in the
neutral state for the next integration. This 1s achieved by applying an
accumulation voltage to the gate and by doping the IRFET with another shallow
level impurity (boron). The shallow level boron assuresthat sufficient holes
are available to neutralize the gallium center during the reset period.

The MOSFET structure also provides a convenient tool for the character-

ization of shallow level impurity centers in silicon [8,9), particularly in

*Based on material submitted for publication, by K.W.Loh, B.M. Hawkins, H.Elabd,
and L.Forbes.
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the case where there is 1ittle or no other shallow level impurities present
and the substrate resistance becomes very high at low temperatures,

Equations describing the operation of the device for the case when the
density of deep level centers is small compared to shallow level centers and
for the case when the density of deep level centers is large compared to the
shallow level centers are presented, These situations correspond to doping
levels used to characterize the gallium center and to doping levels used to
achieve high sensitivity when the MOSFET {s used as a detector.

Experimental verification of the device operation including character-
fzation of the Gallium centers as functions of temperature, backgate bias,

and photon energy 1s also presented.

DEVICE EQUATIONS

To obtain large IDs and to avoid dependence on VDS' the device 1s oper-
ated in the saturation region. The basic equations describing MOSFET operation

in the saturation regions are [10-12]:
2
Ips(t) = (8/2)[Vgg = Vq(t)] (1)
and

Vpt) = A+ B0 = V)V 2mNg (67172 (2)

where B = uCON/L. p 1s the effective surface mobility, CO the oxide capacitance
per unit area, W/L the channel width to length ratio, IDS the drain to source
current, VGS the gate to source voltage, VT the threshold voltage, A and B are
parameters which depend upon the design and processing of the MQSFET, NB the
number of ionized impurity centers in the depletion region and VBG is the

backgate bias. NB can be time dependent and is the combination of the number
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of ionized shallow level impurity centers (boron) and ionized deep level

impurity centers (gallium), i.e.,

Ng(t) = Ny + N1 - exp(-t/1)] (3)

where NA and NI are the boron and gallium concentration respectively. In

Eq. (3), all the boron centers are assumed ionized and all the gallium centers

are arranged to be neutral at time t=0 and subsequently become fonized by thermal

and/or optical hole emission with a time constant 1 = (e; + eg)'1 [8], where :
e; and eg are the thermal and optical hole emission rate. In reality, because ;

the difference in the boron and gallium {fonization energies 1s small, a portion 'j
of the boron centers in the depletion region are not ionized at t = 0, and will
ionize at a rate 1/1A. However, for thermal measurements, T >> Tps i.e., in

the practical sense all the shallow impurity centers can be assumed ionized. 1
For photoionization measurements, the temperature must be arranged such that i

for the gallium centers et << e?. Under this condition, the boron thermal

P p
hold emission rate can be comparable to the gallium optical hold emission rate.

In other words, accurate determination of the Ga photoionization cross section
is difficult unless the boron centers arc first fonized with photcn flux havine
energy less than the Ga threshold energy. For convenience, in the following
discussion, we shall assume NA are all fonized in the depletion region at
t = 0.

There are two distinctly different experimental conditions which may

exist depending upon the ratio of deep to shallow level impurities concentration.
A. Case 1: N; << Ny

Defining AVT(t) = Vp(t) - VT(O), from Eq. (3) we obtain

AVT(t) = AVT,max[] - exp(-t/1)] (4)
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By nax ® B = Vgg)/oN /2 (5)

Since NI << NA, AvT.max will be small. For any reasonable VGS’ AVT,max

<< Vg - VT(O). Eq. (1) becomes
Ipg(t) = (8/2)[Vgg - V4(0)][Vgs - Vy(0)-28V4(t)] . (6)

If the change in drain to source current is defined as

Blpg(t) = Ing(t) = Ipg(w) (7)

then

Alpg(t) = (8 (Vg = Vq(0)18Vy o exp(-t/T) . (8)

et oy I e e T

Equation (8) indicates that AIDs(t) varies expon entially in time with
a time constant 1. The thermal and optical emission rates of the deep level i
impurity centers are readily obtained by measuring the change in drain to

source current of the MOSFET, provided the shallow and deep levels are ade-

quately separated. This case. NI << NA' provides a convenient means of 1
characterizing the centers, For infrared detectors or imaging elements how-
; i ever, AIDs is to be as large as possible for high responsivity. In view of
Eqs. (5) and (8), large Al can be obiained 1f Ny {s made much larger than N,.

This 1s discussed in the following section.

B, Case 2: NI >> NA

In this case, AIDS 18 not an exponentially decaying function. From Egs.

(1) to (3), we obtain

oVp(t) = BT - Vg V20N, + 8 (0 - eIV L ()Yl (9

and

-C4-
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‘.'.IDS(t) = (“‘/Z)L[VGS -A-8(1 - VBG * NI“ - €
(10)

1/2 /2.2,

- [Vg - A - B -V (Ny + NPT

oG’ 1

It is informative to obtain Al which gives a figure nf merit of the device

DS ,max
and is defined as

Blpg max = Yps(0) = Ipg(=)

(8/2){lVgg = A - B(1 = Vo) /2Ny /212 ()

- Digg = A = BOL = vgg) /2y + 202, :

BG

From Eq. (11) for a given VGS' a larger AIDS.max can be obtained if IDS(w)
. o) = 1/2 172
is set to zero which occurs at VGS VT( ) = A+ B(1 - VBG (NA + NI) .
If (1 - VBG)]/z(NA + NI)]/2 is sufficiently large, cutoff can occur before
t = w, {,e., the IRFET response time can be reduced by increasing VBG and/or

NI‘ Under the condition that A + B(1 - V 1/2(NA + NI)]/2

86! 2 Vgs

Blpg max * (B/2)0Vgg = A = B = vg) ey /8% (12)

DS,max

In £q. (2), Al can be further increased by keeping NA small and by

DS,max
increasing VGS' The smallest NA is determined by the reset time of the IRFET,

At 20°K for a reset time of microsecond, NA z 10] cm'3.

At the present state
of the art, A can be made less than a volt [10]. For large Vgg @nd small Ny, ;

from Eq. (12) we have 3

Al = (B2)Vgg . (13) j

DS ,max

For the MOSFET to reainin in the saturction region, we must have
VGS < VDs + VT which serves as an upperbound for VGS‘ Since the largest \DS
is limited by the breakdown voltage which decrease as NI increases, large AIDS

max can be obtained by judiciously choosing NIund YBG to satisfyv the condition p

\
ARV ) V2 V8 Vg For um 600V, sec
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Xy *1KA , v 600 cn’/V.sec, Ae 0.6V, Vy(0) s0.7V.
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Xo = 1 KA, W/L =20, A= 0.6V, Ny = 10" em™ and Vg = 10V, Alps max aNd

AVT.max -[VT(w) - VT(O)] computed from Eqs. (9) and (11) are presented in

Fig. 1. Saturation of Al is due to cutoff of the MOSFET. From this

3

DS,max

’ VBG bl ‘ZOV. a AIDS

e 1016, -
figure for NI 10 “cm of 16.5 mA and AvT.max of

,max
7V are obtained.

To i1lustrate the operation of the device, experimental values of AVT
versus (1 - VBG)”2 and the change in drain to source current with and
without radiation for a device with somewhat different parameters are shown
in Figure 2A and 28 respectively. In Figure 2A, AVT max increases from 0.9V

+

at VBG = 0V to 3V at vBG = 12V, The increase 1nﬁVT.max is due to the widening
of the depletion width by the backgate bias. In Figure 2B, the decrease in

time constant is due to optical hole emission caused by the external IR

radiation.

EXPERIMENTAL RESULTS

Boron doped 1-3 Q-c¢m (100) oriented and 100-300 Q-cm (111) oriented
silicon substrates were employed in this study. Gallium doping 1s achieved
by using Emulsitone* spin-on Galliumsilicafiim. Pitting of the substrate
was observed after Ga diffusion. N+ drain and source regiuns were fabricated
in a circular geometry using Emulsitone Phosphorsilicafilm, Finished devices
were then mounted on the cryo-tip of a cryo-refrigeration unit (Air Products

Model AC-2). The lowest temperature achievable for our unit is 20.4°K,

A. Thermal Emission Rate of the Gallium Center in the Poole-Frenkel Effect

During thermal measurements the device was completely shielded to prevent
any leakage of blackbody radiation and stray light. Figure 3 shows the MOSFET
characteristics for Ga neutral and Ga negative., The change in IDS is due to

thermal hole emission from the Ga centers.

*Trademark of Emulsitone Co., Whippany, N.J.
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Fig. 2 A. Illustration,of the change in threshold voltage of the MOSFET for Ga neutral
and Ga negative as u function of backage gate bias.
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The hole emission rate as a function of temperature for various backgate
bias is presented in Figure 4. The ifonization energy of the Ga center can be

dete.mined from the relationship [8],
el - AT/ 2exp(-aC/kT) (14)

where AE is the observed jonization energy of the Ga centers, k is the

Boltzmann constant, T is the temperature, and A can be regarded as a constant

Sadaiia e o seetiiite i bl il vt et Sl A

: within the range of temperature employed toc determine AE. AE, for different

? : backgate bias, is given in the inset of Figure 4. At a backgate bias of -12V,

%} HE°= 63.3 meV, which is close to the published value of 65 meV and 71 meV

% determined by the Hall and optical absorption measurements [13,14].

: It 1s well known that barrier lowering of a columbic potential due to an

i applied ¢ field gives rise to field enhanced emission. This is known as the

j Poole-Frenkel effect [15,16]. The one dinensional Poole-Frenkel effect predicts

: an enhancement of the emission rate due to the barrier lowering by the electric é
3 field of the following form [15], ;
|

? e;(e) = e;(e = 0)exp[B'/e/kT]

E = A7 2exn(-[6E(0) - 3'VED/KT) (1s) )

where 8' = (e3/nl(se:0)“2 = 2.2 X 10'4erEFVV} AE(0) is the Ga ionization energy
at zero field, KS the dielectric constant of silicon, and the free space
permittivity.

The ¢ field in the deplction region is a function of both space and time.
Since € is not @ constant within the depletion regien., an average « field
defined asic(t) = ¢S/E}t) is used. The surface potential & is taken at L/2.

¢ = 20 /2 - V.., where ', is the Fermi potential in the bulk, Vpe (.o

s £r VDS,sat B4 f
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saturation voltage and W,is the depletion width. For case (2), because NB

varies from NA at t = 0 to NI at t = =, the average ¢ field is a strong function

R

of time. In view of Eq. (15), the time constant observed in Eq. (10) is weighted
at each instant of time by the ¢ field at that instant. The data were measured
between t = 0.17 to t. To show the effect of the ¢ field, we have used the
carrier concentration at t = 1/2 to compute the ¢ field. The dependence of
mobility on the ¢ field also introduces an additional error in the determination
of T.

The field enhanced hole emission rate as a function of V& for various

temperatures is presented in Figure 5. g£' obtained from Eq. (15) is given in

the inset. At 27°K, the measured B' is approximately a factor of 2 higher
than that at 21°K. Since the ¢ field in the depletion region 1s both a function

of space and time, the measurej3' 1is at best an average value which does not

P TCR I AP O

exclude the possibility that part of the Ga centers beneath the inversion

layer coulJ have tunneled or delocalized under high field. To roughly esti-
4

o IR i i

mate the barrier lowering at the surface using the theoretical g = 2.2 x 10 eV
(cm/V)”2 at Vg = 0V and -12 V, the barrier lowering G'/Epeak is calculated

to be 79 meV and 108 meV. Compared with the reported gallium fonization energy
of 63 meV and 71 meV using the Hall and optical absorption measurements, the
barrier 1s sufficiently lowered to cause tunnelling and delocalization to

occur., The actual ¢ field varies from a maximum below the inversion to zero

at the depletion edge. This fact together with the nonuniform gallium distri-
bution due to diffusion, suggests that as the ¢ field increases only those f
Ga centers at the smaller value of the ¢ field (i.e., near the end of the j
depletion region) arz measured. This would explain the increase in measured |

AL as the ¢ fleld increases. Because of the time and space variation cof the
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electric field, our measurements are not accurate enough to warrant the use

of the three dimensional Poole-Frenkel Effect [17].

B. Photoionization of the Gallium Center in Silicon

When the MOSFET device structure is employed as an infrared detector,
infrared radiation incident on the gallium centers in the depletion region
causes them to change charge state. The 1imiting cases where all of the
galiium is either neutral or negative has been shown in Figure 3. The ability
of an impurity center to capture an incident photon is described by the photo-
ionization cross section. In order to more fully characterize the respon-
sivity of the IRFET to infrared radiation, one should determine the photo-
ionization cross section, co(hw). of the gallium center, which is related to

the optical emission rate through [8]:

eg = ¢%(he)d (16)

where & is the incident photon flux. Since the observed hole emission rate
egbs 1s the sum of the response to not only the incident signal, but also the
incident background flux dueto blackbody radiation, the [18]

obs 0 b
= +
ep ep ep (17)

where eg is the hole emission rate due to the background. To accurately
determine the photoionization cross section, the intensity of the incident
monochromatic signal must be much larger than the total background flux at

all wavelergths to which the uallium center is responsive. The spectral de-
pendence of the photoionization cross section can then be determined by varying

the incident photon energy and by Eqs. (1), (2), (3), (16), and {17).
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A theoretical value for the photoionization cross section can be calculated

using the Lucovsky Model [19,20]
¥(hw) = I (e pere )2 (16me?h/amee) (28) /2 (Ru - a6) %/ (ha)®  (18)

where
n = optical index of refraction
cofs/t, = effective field ratio
m* = effective mass of the trapped carrier
AE = observed ifonization energy
¢ = speed of light,

Or in terms of the one dimensional Poole-Frenkel effect:

o®(hu) = T (e, pefe )2 (16me2h/3mic) [AE(D) - & &1/ 2Th-(0E-8 /)13 (hu)3.  (19)

As pointed out in the last section, the large electric field in the
depletion region causes a reduction of the observed ionization energy. This
will undoubtedly reduce the threshold energy of the photofonization cross
section. However, it is not clear whether the barrier lowering would simply
translate the entire cross section to the lower photon energy region.

For values of r which give barrier lowering comparable to the activation
energy AE(0), tunnelling or delocalization of the gallium center will occur.
This means that the surface gallium center under high field can change charge
state without absorption of a photon. They become immediately fonized upon
the application of an inversion voltage to the gate.

A 300°K background radiates large photon flux beyond 4 microns and will
discharge the Gallium IRFET in tenths of milliseconds. Our experimental
arrangement for measuring the photoionization cross section consists of a

globar source operating at 1350°C and a bandpass filter adjacent to the device.
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The bandpass filter 1s cooled to 21°K and does not constitute a source of
background radiation but serves to block off the background radiation outside
éé ) the bandpass region. This increases the background time constant to the
order of ten milliseconds.

: : Due to equipment 1imitations we were not able to determine the absolute

photoionization cross section and the threshold photon energy. Figure 6

AR VG eyt

shows the relative photoionization cross section in the 8 to 14 micron wave-

- e

length range at 20.4°K for three electric field values. The dependence of

the optical emission rate on the average electric field in the surface de-
pletion region is shown in Figure 7. By comparing Figure 52and Figure 7 we

see that the optical emission rate exhibits a field enhancement similar to that
; ' observed for the thermal emission rate. .

For comparison, measurement of Burnstein, et.al, [14],iiﬂeoret1ca1 curves
using Eq. (18) are also plotted in Figure 6, At high photon energy the
measured photoionization cross section decreases more rapidly than the theory
predicts. However, the Poole-Frenkel barrier lowering does seem to shift the

response to the lower photon energy region.

. OPERATION AS AN INFRARED DETECTOR

In previous sections an investigation has been made of the character-
istics of the gallium center in silicon. When operating the MOSFET device
. structure as an infrared detector, the temperature must be low encugh so that
; ' optical emission or photoionization is the dominant process as opposed to
é. thermal emission, The spectral response will then be determined by spectral
E ' dependence of the photoionization cross section of the gallium center.

The important characteristics describing operation of the device as an
infrared detector are then the quantum efficlency, responsivity and signal to 3

noise ratio.
-C17- v
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when the device is operating, the quantum efficiency n is a function

of time. Ignoring reflection loss, for eg >> eg. n is given by

a(t) = 1 - expl-o%pe ™M) (20)

Mft) = (e kog/alty + Ny(1 - €D (21)

where Ndis the depletion width and ¢s {s the surface potenticl.

g g At time t = 0, all the Ga centers are neutral and able to emit holes. !

% ; At this time, the depletion layer width determined solely by the number of i

i i jonized boron atoms is the widest. According to Egs. (20) and (21) the g

?. highest guantum efficiency thus occurs at t = 0. Upon absorption of a photon, é

E : the neutral Ga emits & hole and becomes negative. As the photofonization E

E . process progresses, the number of neutral Ga available reduces and the :

ﬁ depletion width decreases. This reduces the quantum efficiency rapidly. :
Specifically, at time t, such that NI(1 - e't/T) >> NA' it reduces to

E n(t) =1 - exp{-coe't/r[2coKs/q(1 - e't/T)]]/z/NYE;} . (22)

% From Eq. (20} or Eq. (22), n(x) = 0, f.e., all the Ga centers have been

t E ionized and no further photolonization is possible.

. Since the information of how many Ga centers have been photoionized 1s §

F ' stored in the photocurrent AIDS which begins at t = 0, the guantum efficiency %

i n(0) can be taken as the quantum efficiency of the IRFET. From Eq. (20) to §

b achieve high n(0), one needs to have high gallium concentration and wide 3

} | depletion width, {.e., small NB and large VBG‘ This 1s in agreement with the j
results obtained in Section 11-8 by optimizing the photocurrent. For

{ <0 =5 x 10"6cm2. n(0) as a function of Ny for various NB and Vg is pre-

sented in "igure 8, In this figure, the effects of drain to source voltage,

.. breakdown voltage and impurity level broadening due to high doping levels
-C20-
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em3, for Ny = 10'%en™3,

have nnt been taken into account. Employing NI = 10 cm’3
VBG = 20V, an initial quantum efficiency of 23% can be obtained.
Since the amount of change in drain to source current depends on the

length of integration time, for a given ¢, the responsivity can be defined as

. Change in photocurrent
1~ {nc{dent photon energy

R

A,

8lps max -~ Alpsttty)

44“@°AF1 Amps/Joule (23)

where tI fs the integration time, fw is the photon energy and A 1s the gate

aresa.
To provide comparison to other types of detectors, a responsivity 1in

terms of A/W can be defined as

Al
- _ 0S,max
R, '"Iiéﬁr' Amps/Watt  (24)
where we have assumed that the photons have been incident on the device until
all the Ga centers have been ionized. Of course, the responsivity R2 would
be somewhat unrealistic since for a given integration time and incident
photon flux, the Ga centers may not be all {onized, Nonetheless, in the
event that all the Ga centers will be {fonized or that tI is sufficiently long
such that IDS(C) - IDS(tI) < AIDS.max’ R2 does indicate the IRFET's ultimate
performance. Since the IRFET can be designed so that cutoff occurs before
t = «», which could be considered as saturation of the IRFET, tI could be

Judiciously chosen for a particular application
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It has been previously shown that the maximum attainable current signal

to noise ratio operating under shot noise 1imited condition is [7]

S/N = (Nh2) /2 (25)

where Ns is the surface charge density stored by the Ga center. Shot noise
or signal noise 1imited operation can be achieved for integration period
less than ~10 sec or for short integration periods such that the 1/f noise
is smaller than the shot noise.

High responsivity can be achieved by optimizing the photocurrent,
AIDS.max‘ As discussed in the previous section, this 1s obtained by in-

creasing VBG and NI until & approaches the breakdown field value. On

peak
the other hand, too large an e field will cause tunnelling and delocalization

of the Ga center which in turn reduces AIDS max’ Heat dissipation and device
1 3
destruction for large IDQ‘ should also be considered.

From Eq. (10), after Al has been optimized it can be kent constant

DS ,max
while reducing "A' by maintaining the same W/L. The smallest L should be

large enough s0 tihat space-charge-limited current flow will not occur. From {
Eqs. (23) and (25), reducing A,wil) increase R but reduce S/N. The parameter
A,may be reduced to the extent that an acceptable S/N ratio is cbtained as
required by the system application. The parameters, -, RI' R2, and S/N for
the test devices are given in Table (1). This device may be improved by
reducing the gate area, while maintaining W/L. Parameters for an improved
design are also 1isted for comparison. In the table a flux ¢ = 3 x 16 i
photons/cmzosec at A = 14.3u 1s assumed incident on the device. For the
improved design, ﬁVT,max increases to 18.52 V. A current of 69 mA will

undoubtedly cause device destruction. Although the responsivities have

DR N SN
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L= 600 em“/sec-V Mo * 143 um

16Cm2

o 5 x 10° o =3 x 108 #/emsec

PARAMETER PRESENT DEVICE IMPROVED DEVICE
; Xp{KA) 1.75 1.0
| W(um) 1.54 x 10° 200
L (um) 2.285 x 10° 10 1
Ny (em™) 5x 10 13 5 x 1013 3
Ny (em~) 3.4 x 10'8 6x10'¢ é
—) 2.66 18. 52 %
F Blps  max (M) 1.42 68.85 {
E Ry (A/9) 3.52 x 10° 1.68 x 108
: ‘ 6
: Ry (A/W) 156.8 8.4 x 10 :
»; n(o) (%) 2.83 6.84 ‘
s/N 1.3 x 10° 9.2 x 10°
W(0) (um) 1.5 23.6
]

+ t1 1s taken to be 50 ms. ‘

Table . Characteristics of the current devices and projected
characteristics of a better smail area device.
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increased by three orders of magnitude to 10 A/uW, the signal to noise ratio
has dropped an order of magnitude due to the reduced area. The increase in
quantum efficiency is due to the increase in backgate bias.

To design a IRFET, one could start from the required signal to noise
ratio dictated by the particular application. From the expected photo flux ¢,
the desired responsivity and integration time, the pa:ameters NI’ A, W/L, and
VGS are then determined. Finally, NA can be determined by reset time require-

ment,

CONCLUSIONS

In conclusion, operation of the gallium-doped MOSFET as an infrared
detector in 8 tc 14 um wavelength region, has been demonstrated. Both the
characteristics of the device and the gallium impurity center have been
described, Measurements of the thermal emission rate of the gallium center
indicate that for short frame times, operation at 20°K should be acceptable,
as long as care is taken not to subject the gallium centers to large electric
fields which result in a large enhancement of thermal emission due to the
Poole-Frenkel effect. The time constant associated with thermal emission
under an electric field of 2 x 104V/cm is of the order of seconds at 207K,

The gallium center has a large photoionization cross section in the
far infrared region and if exposed to radiation from a 300°K scene in a
large aperture or small f/number system will compietely discharge in a few
milliseconds. This indicates that for imaging applications, intrgration and
frame times in the tens of milliseconds or TV rates could be achieved. The
IRFET has been found to possess unique characteristics and can be rconsidered

an integrated detector, memory element, and amplifier, all in one deviie; as
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opposed to CCD scanned photoconductor arrays where each component is a separate
element of the device [21-24]. As such then, the gallium doped infrared sensing
MOSFETs might be particularly suited for large scale integrated infrared
imaging focal planes in the 8 to 14 um wavelength range.

The noise characteristics, uniformity, application techniques, and

relative advantages of the infrared sensing MOSFET(IRFET) are discussed in

detail in the following section .

-C26-

. ...d”




- -_3-_!.7.

! REFERENCES

M] L. Forbes and J, R. Yeargan, "Design for Silicon Infrared Sensing
MOSFET," I1EEE Trans. on Electron Devices, val. ED-21, no. 8, pp. 459-
462, August 1974,

[2) W. C. Parker, L. L. Wittmer, J. R. Yeargan, and L. Forbes, "Experimental
Characterization of the Infrared Response of Gold-Doped Silicon MOSFETs
(IRFETs)," presented as late news paper No. 4.8 at the International
Electron Devices Meeting, Washington, D. C., December 1974,

{3] W. C. Parker and L, Forbes, "Experimental Characterization of Gold-Doped
Infrared Sensing MOSFETs," IEEE Trans. on Electron Devices, vol. ED-22,
no. 10, pp. 916-924, October 1975,

[4] L. L. Wittmer, W. C. Parker, H. Elabd, K. W. Loh, J. R. Yeargan, and
L. Forbes, "The Infrared Sensing MOSFET," presented as paper 22.5 at the
1975 International Electron Devices Meeting, Washington, D. C., December
1975,

e o o

= (5] L. Forbes and L. L. Wittmer, "Experimental Verification of Operation of
the Indium-Doped Infrared Sensing MOSFET," IEEE Trans. on Electron Devices,
vol. ED-22, No. 12, pp. 1100-1101, December 1975.

i. (6] L. Forbes, L. L. Wittmer, and K. W. Loh, "Characteristics of the Indium-
[ Doped Infrared Sensing MOSFET (IRFET)," IEEE Trans. on Electron Devices,
= submitted.

(7] L. Forbes, and W. C. Parker, "Noise Characteristics of the Infrared
Sensing MOSFET (IRFET)," IEEE Trans. on Electron Devices, submitted.

E (8) C. T. sah, L. Forbes, L. L. Rosier, and A. F. Tasch, "Thermal and
Optical Emission and Capture Rates and Cross-Sections of Electrons and

1 Holes from Photo and Dark Junction Current and Capacitance Experiments,"
Solid-State Electronics, vol. 13, pp. 759-788, 1970.

s et

. (9] C. T. Sah, "The Equivalent Circuit Model in Solid-State Electronics,
F : Part I: The Single Energy Level Defect Centers," Proc. IEEE, vol. 55,
pp. 654-671, May 1967,

& (10] W. N. Carr and J. P. Mize, MOS/LSI Design and Applications, Texas Instru-
ments Electronics Series, New York: McGraw-HITT Book Company, 1969.

(11] S. M. Sze, Physics of Semiconductor Devices, New York: John Wiley & Sons, ;
1969, i

(12] A. S. Grove, Physics and Technology of Semiconductor Gevices, New York:
John Wiley and Sons, Inc., Crapters 5, 9, and 10, 1967.

(13] F. J. Morin, J. P. Mait:, R. G. Shulman, and N. B. Hannay, "Impurity
Levels in Silicon," Phys. Rev., vol. 96, pp. 833 s 1954,

-C27-

R 4




(14]

[15]

(6]

(17]
(18]
(19]
(20]

(1]

(22]

(23]

(24]

E. Burnstein, G. Picus, 8. Henvis, and R. Wallis, "Absorption Spectra
of Impurities in Silicon-I, Graup I1I Acceptors,” J. Phys. Chem. Solids,
vol, 1, pp. 65-74, 1956.

J. Frenkel, "On the Theory of Electric Breakdown of Dielectrics and
Electronic Semiconductors," Phys. Rev., vol. 54, pp. 647 , 1938.

M. Martini and T. A. McMath, "Field Dependence of the Capture and Re-
emission of Charg Carriers by Shallow Levels in Germanium and Silicon,"
Solid-State Electronics, vol. 16, pp. 129-142, 1973,

J. L. Hartke, "The Three Dimensional Poole-Frenkel Effect,” J. Appl. Phys.
39, pp. 4871-4873, 1968,

J. M. Herman, III and C. T. Sah, "Photoionization Cross Section of Holes
at Zinc Centers in Silicon," J. Appl. Phys., vol. 44, pp. 1259-1262.

G. Lucovsky, "On the Photoionization of Deep Impurity Centers in Semi-
conductors," Solid-State Communications, vol. 3, pp. 299-302, 1965.

G. Lucovsky, "Optical Absorption Associated with Deep Impurity Centers in
Semiconductors,” Bull. Am. Phys. Soc., Vol. 11, pp. 206, 1966.

M. Y. Pines and R. Baron, "Characteristics of Indium Doped Silicon
Infrared Detectors," presented as paper 19.3 at the 1975 International
Electron Devices Meeting, Washington, D, C., December 1875,

M. Pines, D. Murphy, D. Alexander, R. Baron, and M. Young, "Character-
istics of Gallium Doped Silicon Infrared Detectors," presented as paper
22.3 at the 1974 International Electron Devices Meeting, Washington, D. C.,
December 1974.

A. J. Steckle, R. Nelson, B. T. French, R. A. Gudmundsen, and D. Schechter,
“Applications of Charge-Coupled Devices to Infrared Detection and Imaging,"”
Proc. IEEE, vol. 63, pp. 67-74, January 1975,

0. F. Barbe, "Imaging Devices Using the Charge-Coupled Concept,” Proc.
IEEE, vol, 63, pp. 38-67, January 1975.

-C28-




TTTLS TTRVET 0t vIo oo ow

e APPENDIX D

NOTSE CHARACTERISTICS®

— e e et ——

LIST OF SYMBOLS

A Area of individual detector, em.?
AIP Area ¢ .mage plane, cm‘z
BW,Av  Bandwidth, sec.”!
Co Oxide or insulator capacitance, farads em. "¢
D* Detectivity, em.sec” /2 watt”]
€0 Electric permittivity of free space, farad cm.']
eg Optical emission rate, sec.”!
ﬁms Signal photon energy, joules
(Tﬁ)”2 Root mean square (RMS) noise current, amps.
. (TSSN)]/Z RMS drain to source noise current, amps.
%" T Mean or average current, amps.
El; IDS Drain to source current, amps. ;
E Kg Relative dielectric constant of silicon Q
E Ko Relative dielectric constant of oxide
F L Channel length, cn, i
n Number of point in image J
N Background photon flux, sec. 'em, "
NA Acceptor impurity concentration, <:m.'3
NEP Noise equivalent power, watts
Ng Surface charge density, cm.”?
Nir Impurity concentration, cm, 3
q Electronic charge, coulombs
(ON?)]/2 RMS varjation in charge, coulombs
Q(:” Charpe in chamnel, coulonbs,

Based on material submitted for publication by L.Forbes and W.C. Parker,
-D1-
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TI Integration time, sec.
Te Frame time, sec.
Ts Sample time, sec.
S/N Signal to noise current ratio
VBG Back gate or substrate bias, volts
VDS Drain to source voltage, volts
VGS Gate to source voltage, volts
Vy Threshold voltage, volts
W Gate or channel width, cm.
wd Depletion region width, cm,
X0 Oxide thickness, cm,
A Indicates change in quantity following symbol
Quantum efficiency
N Mobiiity, em.2 volt™! sec.”)
Phototonization cross section, cm.2
Time constant, sec,
‘¢ Fermi potential, volts.
; Signal photon flux, sec. Tem”
?N Noice equivalent signal
nhoton flux, sec”! em?
INTRODUCTLON

The ability of infrared imaging arrays to detect signals from the desired
scene is limited in tevrestial applicatians by the noise resulting from the
background illumination. Historically. of course, the simplest technique for

infrared imaging has been to mechanically scan the scene across a single
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detector area, A, where the bandwidth, BW, of the signal amplification system
is determineéd by the number of points in the scene and scan rate. This leads
to the definition of a relative figure of merit for comparing detectors as

the detectivity or D* = (A)'/2(BU)'/2/NEP, where NEP 1s the noise equivalent
power [1]. In the case of the newer types of devices as for instance, charge-
injection diodes, CID's, [2,3], charge coupled devices, CCO's, [3,4,5] or
infrared sensing field effect transistors, IRFETS (6,7,8,9,10] there 1s no
well defined single bandwidth, but on the other hand two bandwidths, one
associated with the integration period, TI‘ and one as:sociated with the sample
period, TS'

The first objective of this report is to derive the noise equivalent
signal power, NEP, for an array of IRFETs employed in an infrared imaging
array. Since we are dealing first with the theoretical 1imit on the operation
of infrared imaging detectors due to background radiation it wil)l be assumed
that the dominant noise mechnism 1s shot noise due to this background. Photon
noise will not be considered since it only introduces a small additional
factor similar to the shot noise [1] and other types of noise as 1/f, Johnson,
and generation recombination will also not be considered at first. The para-
meters for the imaging application are the area of the scene in the 1mage
plane, AIP' and the frame time, TF' back~round photon flux, N, number of
points or elements in the scene., n, quantum efficiency, =, and signal photon
enerqy ﬁus. Using these parameters then, the theory for shot noise or back-
ground limited operation of the IRFET will be developed, yielding the NEP and
signal to noise ratio, S/N.

The theoretical expressions faor shot nofse limited operation of the

IRFET will then be compared to the actual operation of the specific example

i
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of a gold-doped device operated in the near infrared ra~ge at 78.8°v. It
will be shown that shot noise limited operation can be achieved over a wide
range of operating conditions. In reality, however, o*her types of noise
sources are also resent in the MOSFET, the most troublesome being 1/f noise.

The regions of sh~: noise and 1/f noise 1imited operation will then be

{1lustrated.

————

SHOT NOISE THEORY FOR THE IRFET

The infrared sensing MOSFET, IRFET (6,7,8,9,10] will integrate the
incident flux and at the end of this integration period there will be » change

in drain to source current, AIDS(TI). in the linear region given by [6,8];

“Blpg{Ty) = WC (W/L)VpaVeT foN (M

where u 1s the effective surface mobility, C0 the oxide capacitance, W/L the

T T T T Ty, P R T = = s

width to length ratio of the channel, AVT the maximum possible change in

threshold voltage, = the photoionization cross section, TI the integration

period, and N the background flux. However, the change in threshold voltage

is due to a change ot charge in the channel device and there will be associated

with this some uncertainty in this change in charge due to shot noise. As

shown in Figure 1, in the infrared sensing MOSFET, the emission of holes from
i, impurity centers in the surface space-charge region will induce a change of
charge in the channel or inversicn layer. This change in chsrqe. hQCH can be
written

= ITI

| - ‘QCH

where 1 is the average source current. By taking into account *he displacement
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Fig. 1. The Infrared Sensing MOSFET Showing Source and Substrate Current, I, due

to Emission of Holes from Impurity Centers.
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current or change in width of the surface depletion reafon [11], it can be
shown;

T = qgNp W NHL/2 (3)
and since the quantum efficiency, n, is just

then
T = qnWLN/2, (5)

Since this is a time dependent process, then by Carson's Theorem there will

be a root mean square noise current
()12 « (2qTw) /2 = (qluiLn/T))1/2 (6)

and a possible error in the channel charge at the end of this integration

period, T, of
@172 o (oPawnyT)V2r, (7)

In the 1inear region of operation
2
Ips = G, (/L) (Vgg = VlVpg = uQcyVpe/L (8)

A possible error of charge in the channel (Gﬁ)”2 at the end of the integration

period will result, by analoyy with Eq. 8, in a8 root mean square noise current

in the sample period of

(T2 =@ 2y (10)
(o) /2 = ula?rmunT 12y 12 ()
~D6-
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The signal current, AIDS(TI) or 1signa]' due to the signal photon flux ¢ will
be from Eq. (1)

. 1signa1 - uCo(N/L)VDSAVTochI (12)

and equating the signal and noise to determine the noise equivalent power

yields °N' the signal photon flux which gives an output equal to the noise

oy = [1/(C aV7) WP/ (LT )12 (12)
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However, AVT. can be expressed in terms of the oxide thickness and doping

densities [6,8] B

By = (xgeg/eg) (20216, ] + IVpgllay/(xge )V 2(Nprrang) (1)

then

AVy = qdeTT/(zco) (15)

TR B, TTT L Ty L S = e v
s i el e e i ISR e R

and °N becomes

LymIL

RIS

oy = [aN/(uLnT )71/2 (16)

and the noise equivalent power, NEP = ¢Nﬁm§nyor a single detector

NEP = fu (aa/ (nT}) 1172, (17)
f : . This 1s just a factor of (2)]/2 larger than the classical formula for the
b shot noise 1imit for Lackground 1imited operation of a photodiode [1].
k In an imaging application, A, the area of each detector can be just

f A AIp/n. and the integration period TI can be just the frame time TF and
then TI = TF. Also in an imaging application ¢ = N. The NEP for a single

detector or element in the scene is then

;I {; - D 7 - |j
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NEP = ﬁms[4NAIP/(nnTF)]‘/2 . (18)

This is a factor of (n/2)1/2 smaller than that for a mechanically scanned

single photodiode detector [12].
The signal to noise ratio can be found by taking the ratio of the signal

current in the sample period, Eq. 12, to the root mean square noise current

in the sample period, Eq. 11, to give

S/N = (nA®TI)]/2/2 (19)

The IRFET will saturate if the product of ¢TI is too large. Saturation will
be defined to oc¢cur when TI = 27 = 2/(dc) = 2/eg. and using M =:'deTT then

the maxinum attainable signal to noise ratio is

i 1/2
S/N (WyNppAZ2) /<, (20)

ma x

The product of deTT is just the change in charge density in the surface
depletion region, 1f we let

N = WyNpq (21)

then

- 1/2
S/Nmax = (NSA/Z) . (22)

The maximum attainable signal to noise ratio depends only on the stored surface
charge density and area of the device under shot noise or backqround 1imited

operation., It is independent of the quantum efficiency, integration period, . 1
TI and all other considerations. Furthermore, it can be shown trat a similar 1

expressiun applies to CID's and CCD's as well <o that all surface type seri-

et

conductor devices have essentially the same “aximun attalnable signal to noise
ratio since they all have comparable surface charoe storaae densitices which
are limited by the dielectric strength of the gate insylators or avilanche ;

breakdown in the substrate.
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EXPERIMENTAL APPARATUS

The device used in the measurements was made on (100) orientation silicon
' p-type substrate of 1-20.cm resistivity and doped with a gold concentration
of 2 x 10'% em™3, The gate oxide of the MOSFET is 4000 A thick and the

circular channel has an 8.17 W/L ratio providing an active area of 2.5 x 10'3 cm2 1

5é [7.,8]. By mounting the device on a T0-5 header fitted in a tubular reflective

e A e

o cavity, both frontside and edge i1lumination was possible. The details of
operation of this specific example of a gold doped silicon IRFET employing

the response of the donor level has been treated in detail in the literature [8].

e B it

In this case, 7, the time constant associated with the change in charge state

A iz

of the gold donor level will be designated as Ty which is the reciprozal of

the product of the incident photon flux and photofonization cross section [8].

The experimental arrangement and the equipment used in these measurements

e e e s ke -

are shown in Fig. 2. The upper-corner frequency of the Hewlett-Packard DC
MicroVolt-Ammeter 425A {s 1-Hz(-3db), and the lower-corner frequency of the
Krohn-Hite 3750 Filter (high pass) is adjustable from 0.02-Hz; therefore,

the two instruments provide for a variable noise bandwidth. A Bausch and

T AT T TR - T ¥ Ty 34 LY B T e YT T T A PR T

Lomb tungsten 1ight source powered from a variac permitted various photon

flux intensities. The output signal current and the accompanying noise was
measured with the IRFET running continuously and recorded by a Houston Instru-
ment Omnigraphic 2000 X-Y Recorder. A 1-uF DC-blocking capacitor was attached
to the 1nput of the X-Y recorder (1-MQ input impedance) in order to eliminate
any drift in the high-pass filter/volt meter output. This circuit attenuated
a1l frequencies below 0,159-Hz, thus 1imiting the magnitude of the 1/f type
noise. The incident photon flux was determined by noting the time te required
for IAIDSI to increase from 0.1 to 0.9 of its final value and this is shown

in Figure 3.
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EXPERIMENTAL RESULTS

A2 hu - 2

roTw

The overall system noise with the high-pass filter input shorted was

about varms at the voltmeter output. The !RMET was connected in a common .

Sdah st g o8

source configuration with a precision 1 kQ load resistor.

A. Interface-State Noise

[

The flow of electrons from one site to another in the surface channel of

a MOSFET is a random process because of trapping and emission of carriers by
interface states [13,14]. S$low interface states (oxide states) produce
appreciahle noise in IRFETs during long integration periods. Whenever the
device is active, both fast and slow interface-state noises are present as

a dark current with 1/f-type frequency dependence [13,14].

Ll e 1 Ll I T —— T

This dark-current noise was observed in different bandwidths for 170 sec

by varying the lower corner frequency of the high-pass filter from 0.16 to

(BB T e

4 Hz (10 db gain after 1 Hz) and recording the RMS noise voltage across the

1 ki load resistor versus time. By taking the difference in noise current i
between two observations differing by 3f = 0.2 Hz and dividing by 0.2 Hz,

the dark-current noise was specified for a given center frequency in a 0.2 Hz

bandwidth. The results of this series of measurements are shown in Figure 4
[note that 1/f = TI). Fitring the experimental points to a straight line
{method of least squaves) indicates that the dark-current noise in a cooled

[RFET varies approximately as (1/f)]'8.

B. Shot Noise
By 11luminating the IRFET with infrared light, the shect (or quantum)
noise associated with the optically generated change in the channel-charge

could be measured. A typical result comparing the measured dark-noise and

-D12-
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shot-noise currents in a bandwidth Av = 7.2 Hz is shown in Figure 5. During
{1lumination the noise current is seen to eventually approach the dark noise
level as the length of the integration time increases and the gold centers
discharge. In order to observe the initial shot noise current immediately
after the IRFET was illuminated, the time sacle can be expanded.

The expected shot noise current can be calculated by using Eqs. 11 and

4, and the expression for the maximum possible change in drain current [8]

m ]
AIDS . uCo(N/L)A\TVDS (23)

which becomes after using Eq. 15
m .
AIDS s “Co(w/L'[qdeTTVDS/(ZCo)] (24)

and then by using Eq. 11 and 8

(T2 )72 = (208106 1o (T, /1) /(€ (Vgs = Vo)R)T/2, (25)

In reality, this expression has been developed assuming that the IRFET {s
operating in the linear reqion and a linear approximation has been applied

to descriLe the time response. ‘'.owever, it will be used to calculate and
show that the theoretical shot noise is of the same order as that observed

in operation of the device even though the above conditions might not be
rigidly adhered to. For Figure 5, Ijc is 1.8 mA, Alpc is 0.4 mA, T, a

100 seconds, T 1s 100 seconds, C° can be calculated from the oxide thickness
of 4000 A, the area A 1s 2.5 x 1073 cn?, and (Vgg - V;) 15 12. 5 volts. This
ylelds a root mean square noise current of 30 nA or a peak to peak noise
current of 85 nA, when substitutions are made into Eq. 25. The actual shot
noise abserved in the first few scconds in Fiqgure 5 after illumination is

less than the order 300 nA peak to peak. Note that the time scale over
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which the current fluctuations are being plotted in Figure 5 1s ten sec. per
division. This rules out the use of a meter to determine the RMS value of
the noise signal. The measured shot noise is expected to be somewhat larger
than the calculated value due to the fact that the actual device is being
operated in the saturation region rather than the linear region for which
the theory has been developed to simplify the analysis.

The quantity (ngN )]/2, given by Eq. 25 represents the uncertainty
which cccurs in the drain current at the end of the integration period, or
at the beginning of a sample period as might occur in an application to read
the conductivity state [6]. The fluctuations in Figure 5 during 11lumination
are representative of this uncertainty. Note that the input circuit of the
X-Y recorder limits 1/f type circuit noise to 40 nA peak to peak or approxi-
mately 12 nA RMS, due to the cut-off frequency of 0.159 Hz or time constant
of 6.3 sec. Thus, shot noise could sti11 be observed for long integration
periods. The expected actual nofse (1/f-type dominant) as would be seen by
a static-change (DC) meter is much larger as will be shown in Fiqure 6.

Note that
1y * 1/Nc (26)

)1/2

so that in Eq. 25 then, (TSEN will increase with the incident photon

flux. If the photon flux is kept constant, then the noise current increases
with integration time in Eq. 25. The apparent decrease in shot noise is due

to the actual non-linear time response of the device and discnarge of an
appreciable number of gold centers for times of the order ‘D A signal-to-~h-l
noise ratio can be calculated using €q. 25 and the fact that

Sy , L
i T/ plfor T 0 (27)

signal ;
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to yield

S/N = [€ (Vg = Vo)/20)(aIf/ 15 )(T /A1 V2, (28)

The signal to noise ratio increases with both the ratio (TI/TD) and the area
A of the device. (Note the similarity to Eq. 22 for TI = 210.)

The expected drain-to-source RMS noise current has been plotted in
Figure 6 for different integration times as a function of incident photon

flux. The shot noise for a 100 second integration period is shown as a

13

dotted line and the value of 300/2/2 nA at a flux of 6.67 x 10 photons/cm2

sec, taken from Figure 5. The expected 1/f noise in this case is, however,
much 1argerlas obtained from extrapolating Figure 4 as 1800 nA and is shcwn
as a solid 1ine in Figure 6. For shorter integration periods the 1/f noise
will be much smaller and the expected noise characteristics for integration
periods of 1 and 10 seconds will be shot noise 1imited at the higher photun
fluxes.

Figure 6 has been divided into three distinctly different regions which
are representative of the different operating conditions. In the saturated
region the photon flux 1s too large and the inteq:ation period ton leng to
allow operation of the device as a photon detector, all the impurity centers
discharge before the end of the integration period. In the 1/f nuise limited
region, which corresponds to low photon fluxes and long integration period,
1/f rather than shot noise is the 1imiting factor. In thc shot noise or
background limited region, which corresponds to relatively higher nhoton
fluxes and shorter integration periods, shot noise due to the incident photon
flux 1s the dominant noise mechanism. [t 1s shown that Lhot noise or back-
ground 1imited operation of the IRFET can be achieved for inteqration periods
of less than about 10 seconds ar with photon fluxes abeve about 1015 cm~2

sec']. The results given in Figure 6 arc representative o° a given device

-Di18-
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and similar characteristic curves would apply to other individual devices
and no special effort has been made to minimize the surface state density

' and 1/f noise in these devices.

APPLICATION CONSIDERATIONS

i

! The photon flux incident on a particular detector should be anticipated
:b{ to vary by orders of magnitude depending upon the wavelength and type of

i application. In the case of gold-doped devices [8], it might be anticipated
that 1n the near infrared photon fluxes may well be low unless the detector
is being employed to localize a very hot source and the 1/f noise limit may
18 be an important consideration. For gallium doped devices,on the other hand
(10], employed in terrestial applications, the flux incident on the detector
A s N = Nygo(n )/ (4F%)

integrated out to the longest wavelength of response of the impurity center,
2

Naoo(xc) is the blackbody flux from a 300°K source

17 um in this case [1]. With F = 1.5 optics N = 2 x 10]7/cm sec and the

time constant of discharge of the gallium centers would be = 1/(cN) or

approximately 16 milliseconds if an average photoionization cross section of

2

v= 3 x 10']6/cm is used. In the case of gallium doped devices in terrestial

applications, integration periods or frame times might be anticipated to be
short and the shot noise or background limit apply. In this case, the I/f
noise 1imit 1s of little concern. Indium-doped devices [9,10,15] are

f! fntermediate to the above cases. In terrestial applications Nyo (8im) =

17 16, 2

2 x 107 and using an averaqe photofonization cross section of 1.5 x 10” "°/cm
i ard F = 1.5 yields a time constant of 300 milliseconds.

Uifferent considerations would of course apply in extra-terrestial appli-

cations and low flux densitics may be incident at all wavelengths, in which

'f. . case long integration periods might be erployed and the 1/f noise 1imit applied. !
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CONCLUSTONS

It has been shown theoretically that under shot noise or background
1imited operation ‘hat the maximum attainable signal to noise ratio in the
infrared sensing MOSFET (IRFET) is determined only by the area of the
detector and the surface charge storage density. Equations describing the
noise characteristics of this new type of integrating infrared detector have
been developed and presented, assuming operation of the davice in the linear
region and employing a linear approximation to the time response of the
device.

Noise measurements on a gold doped device empolying response of the
gold donor level have identified the shot noise associated with the incident
infrared signal and the 1/f noise inherent in the device itself. The regions
of shot noise or backyround 1imited operation and 1/f noise Timited operation
have been delineated.

Although measurements have been made only on gold doped devices, similar
results might be anticipated for both the indium and gailium doped infrared
sensing MOSFETs., These results indicate that for shorter integration periods

of arvund 10 seconds or less, shot noise or background limited operation ot

the IRFET should be possible in infrared detector and imaging applications.
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