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Much of the year's accomplishments under this contract are detailed

(2)(2)(3)

in published papers and in the two papers included as Appendices A
and B of this report. 'Tye paper, Appendix A, entitled "LaF3 Insulators for
MIS Structures” has been accepted for publication in Applied Physies Letters.
The second paper, Appendix B, entitled "Si and Gads Photocapacitive MIS Infra-—
red Detectors" has been submitted to the Journal of Aﬁplied Physics. The
abstracts of these papers provide a summary of their content so nothing
further will be said about them here.

Tn addition to the work reported in these papers, several other
related projects are nearing completion and will be prepared for publication
soon.

1) Fundsmental studies of the electronic properties of Si—SiOB,.
Si—LaF3, GaAs-native oxide, GaAS—LaF3

gress. The techniques discussed in Appendix A have been used in the Si sys-

interface state properties are in pro-

tems to improve the resolution of interface state densities seen by prior
workers, but also the optical methods pérmit us to assign state types
{donor or acceﬁtor) to various features that are observed.

In the GaAs systems we are collecting interface state information
of a kind never measured before, The Gaﬁs interface state density is quite
unlike the familiar feabutres found in Si. The GaAs case displays a collec-
' tion of sharp peaks that are well represented as individual quantum levels.
The quantum gtate with the largest population, ~lOllcm—2, at ~0.95 eV from
the valence band edge, is the one mostly responsible for pinning the Fermi

level in GalAs devices. This pinning tends to prevent Cals from inverting,



and prevents MOSFET devices constructed from GaAs from working well. It
probably is also responsible Tor establishing the barrier height of Schoittiky
barriers on Gzhs., If impurities can be introduced into ﬁhe interface, e.g.,
by ion implantation, to move the pinning position and inecrease the barrier
height, then significant improvements in MIS solar cel}s should result.

If,  on the other hand, ways can be found to reduce the levels currently
there, then MOSFET's can be made to work better.

2) The high speed (<1 MHZ) response of the phetocapaéitive detectors
is being investigated. Preliminary resuits for 8i detectors indicake that
their debtectivities are at least coﬁggrable with those'of the best PIN de-
vices out to 20 MHz, This study is éontinuing and we hope to bring it to a
conclusion soon.

3) Ve have recently built and tested a Ge photocapacitive detector.

It's peak response is at 1.4 - 1.5 pm. Peak detectivities of 7.5 x 109,

11 1/2

8.7 x107, and 9.7 % 1012W"l—cm~Hz have been observed ai temperatures

298, 195 and TTOK respectively. These measurements were made on the first

sample we made, so improvements in future generations of devices are

i/2

" expected. However, the 9.7 x 1012W_1-cm—Hz detectivity is about an

order of magnitude better than any number that we have found on the prior

(k)

literature.
4) Several methods to use the photocapacitive mechanism in image
converters have been invented. Disclosures of these inventions have been

submitted to the NASA patent office. Simple tests have been performed which

demonstrate that these methods work in principle. However, a thorough



evaluation has not yet been done. We hope to undertake this evalhation in
the coming summer. '
5) Little has been done on thermal capacitive detectors in this .
grant pericd. " We plan to emphasize this aspect of_%he'vork in the coming
months.
6) The Wprk on solar cells has not progresséd miach in the past grant

period. Once again, we hope to undertake definitive experiments to test these

devices this suwumer.
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ABSTRACT

Thin films of LaF3 deposited on Si or GaAs substrates have been obser-
ved to fo;m blocking contacts with very high capacitances. This results in com-
-paratively hysteresis-free and sharp C-V (capacitance-voltage) qharacteristics
for MIS structures. Such structures have been used %o study the interface states

of GaAs with increased resolution and to construct impfoved photocapacitive

infrared detectors.



Lanthanum floride (Lan) ig a fast ionic conductor with-exceptiogal
polarization properties.l When this material is deposiied on a substrate by
e-gun evaporation, the resulting film possesses thin dipole 1ayers.(~50~1003)
at its surface52 which produce large capacitive effecgé. In MIS structures,
the film also acts as a blocking conmtact for electronic conduction as long as
the breakdown voltage of the device is not exceeded. The effective capacit-
ance of the film is that of an insulating layer 100-2008 thick with a dielec—
tric constant of 1L (the bulk value of LaF3). This capacitance is independent
of the film's actual thickness as loﬁé as the measurement frequency lies below

a characteristic value corresponding to the RC time constant of the LaF For

3
a typical 2503 film at room temperature, we have established that the charac-
teristic frequency is above 100 kHz. At high enough'frequencies, or at low
temperatures where the ionic conduction ceases, the film's capacitance is
expected to decrease to its geometrical value.

We ﬁave deposited LaF3 films on freshly-prepared bare Si (an-type,

with a carrier concentration n = 3 x lolhcm_3)

lBCm—3)’

, on freshly-prepared bare Gals

-

{n—type, with n = 2 x 10 and orn native~-oxide-coated S5i and GaAs to form

composite insula.tors.3 The native oxide is thermally-grown 8102 on the former
and anodized GaAs on the latter. Back chmic contacts are formed for the Si
gsamples by first e-besm depositing an Al film- then s%ntering at SSOOC for

10 minutes in fiowing N2 gas, and for the GalAs sanples by e-beam depositing =z
film of Ge-Au-Ni alloy then sintering at EBOOC for 10 minutes in flowing
forming gas. Next the LaF3 layer and =a lQSﬁ—thick transparent Au front contact

are deposited to complete the MIS structure. Finally, the sample is annealed

at %00°C in a N, atmosphere for one hour.



Measured C-V (capacitance-voltazge) characteristics are %llustrated
for two Si samples in Fig. 1 and for two Gahs samples in Fié. 2. iI\‘Io visable
hysteresis is observed'@n the 81 characteristics. There is a small amount of
hysteresis in the éaAs characteristics, but this is considerahly less than
that reported for ancdized native-oxide layers alone.h The Gals devices began

s

to leak above the largest positive voltages shown (~ 1 volt) in Fig. 2. The

51 sample with a EOOﬁ layer of LaF_ also began to leak above 0.8 volts, and

3
the apparent onset of éaturation above 0.4 volts ié, in fact, due to the on-
set of this leskage instead.

The C-V characteristic for the composite-insulator-covered Si sam-
ple was measured at both 1 kHz and 166 kHz, as indicated in ¥Fig. 1. In egch
case a saturaﬁion-capacitance (the insulating-layer value} of 117 nF/.cm2 and
a maximum/minimum capacitance ratio of 23 was obtained. Since the.théoretical
capacitance of a 2503 layer of SiO2 is 136 nF/cme, we infer that.the 250& of
LaF3 qontributes ~ 840 nF/cmz. This corresponds to ~ TBX surface dipole layers

or an effective thickness for the LaF. film of ~ 1508. (Tn other samples,

3
effectivé thicknesses of - 1203 have been found.) The slight freguency depend-

ence- of the total capacitance at émall bias volbages is most likely due to

5,6

>” pubt there may also be a contribution from

-

Si—SiO2 interface-state effects,

slow surface states in the LaF .l

3
The C-V characteristic for the composite-insulators—covered Gals
sample in the depietion/inversion region is qualitatively similar to that of
native-oxide-covered, n-type GaAs.h For a negative-voltage ramp, the cépaf
" citance falls below its eguilibrium high-freque;cy value as the inversion
region is apfroached. When the ramp is reversed, the capacitance rises to

its equilibrium value (reaching it st -0.5 V in Fig. 2) and maintains this

value back to zero bias. There are & number of possible explanations for



T

this effect. Previoﬁs workers have speculatea on the existence of bulk traps

or a sﬁatiallyuextended interface region between the Gals and the native

-oxideh to account for the phenomenon. Another possibility is é long, insu-

lator-dependent time constant for the generati;n of the holes needed to form

?he inversion layer.8 Since replacing the native oxide by LaF3 removes the

effect, our results suggest that bulk traps are not the primary mechanism

and that the proper explanation is 1inked to the properties of the insulating
layer. - ‘

The effectively~thin insulating layers permitted by the use of LaE3
would seem to have many pétential device applications, e.g., CCD's with lower
voltages or smalier areas needed to store a given charge and more sensitive,

- larger-dynamic-range varactors. Our direct interest in these structures,
however, has been stimulated by two obther types of apﬁlication. The first is
as an aid to the FTundamental study of interface states, especislly in Gals
where such states are not well characterized. The higher insula£or capaci- .
tances permit higher resolution of intérface—state effects in electrical
measurements than otherwise possible. The second application is to_improve
photocapacitive MIS infrared detectors.?

As an illustration of the first application, we have plotted in Fig.
3 our measurements of the frequency and optical flux (&) variation of the total

series capacitance CS and dissipation factor D of the ILaF_-coated GaAs sample

3
under zero applied bias voltage and subject to illumination on the front surface.
The measured values of CS and D are observed to be independent of the wavelength
of the incident light as long as the absorption depth of the semiconductor

remains within an order of magnitude of the depletion-layer thickness. The data



in Fig. 3 was all taken at a wavelength of 0.820 um. The soiid lines in the
figure are parame?grized Tits to the experimental points obhained from the
equivalent circuit shown in the inset. Most of the circuit elements have a
simple physical interpretation: Ro is the‘sheet ;esistance of the front Au
contact; Cd is the insulator capacitance; Cd is the depletion-layer capaci-
tance of the semiconductor; and Ci and Ri are the interface-state capacitance
and resistance. The remaining cirecuit elements Cl and Rl represent a yet
undetermined process, but probably a secondary one associated with the
insulator-Gaks interface. The isolation of Ci and Ri allows one to lmmedia~
tely infer the interface-state density at the Fermi level, Ni’ by the

relationship5

N, =C/eh ,

where A is the device ares, and also the interface-~state response time constant

Only C_, and Ti vary significantiy with light intensity. The former increases

d
with @ because electron-hole pairs created by the photons absorbed in the deple-~
tion layer are separated by its large electric field thereby decreasing its.

. . -1 . R P
thickness. The inbterface-state response rate Ti increases linearly with &,

. h =, ek R
i . do i

because light-generated holes are driven to the interface by the depletion-
layer electric field, thus providing a fast exit mechanism for electrons local-
ized in interface stetes. NWumerical values of the fitted circuit parameters
for both the LaF3~coated and composite-insulator-coated Gals samples are given

in the Table.



1

The fitting procedure itselfl starts-by agssigning a value to CO
that is inferred from the measured insulator-layer thicknesses and known die-

is obtained for the different light intensities

from the-high-frequency CS measurements where Cs—; = Coul + Cdfl. Next, Ci

can be determined from the low-frequency, high-light-intensity data since here

c 1z Co_l + (Ci + Cd)nl. The parameters Cl and Rl dre needed to fit the low-

8
3

lectrie constants. Then Cd

light-intensity dissipation .factor data between 102 and 107Hz, and are responsi-

bie for the uvpward inflection of the curves in this region. The resistance RO
is then established from the high-frequency behavior of D. Finally, the values
of Ti are adjusted to it the light dependence of %he CS and D curves, resulting
in the linear dependence on @ given above. The least well-known parameter in
this procedure is Co. However, since it is so large it has relatively litile
effect on the other parameters. The quantity most effected by the uncertainty
in C, is Ci' The Co used in Fig., 3 (320 nf) Eorresponds to an effective thick-

ness for the LaF3 layer of -~ 1208. If the appropriate thickness were 1508

instead, then CO = 250 nf and Ci changes from 170 nf to 202 nf, suggesting

about a 15% uﬂcertainty. Howeveyr, with the same Co variation, C. changes

d
from 5.57L nf (in the dark) to 5.598 nf, for only about a 0.5% uncertainty.

The time constants Ti and T. are also insensitive %o CO provided it is large.

1

If, on the other hand, a lOOOR native—-oxide layer were used, then CD would be

only ~ 20 nf, and if, in addition, a more typical carrier concentration6 of

2 x 1016cm“3 were used, then ¢

d would be ~ 15 nf. The result of having CO ~ C

d

is to compress the maximum variation in CS by more than an order of magnitude,

thus greatly decreasing the resolution of the measurement.



We have made similar measurements of C; and D cn low-carrier-con-

S
centration 81 samples. In this case C1 and Cd have comparable magnitudes and
thelr contributions teo the total parallel conductance GP are easily identified,
5,10

i.e., GP/w vs. frequency plots have two well-resolved peaks. The main peak
in the dark, lies at low freguency, less than 1 Hz., The secondary peak is an
order of magnitude smaller than the primary one, and i% at 3.3 kHz. The den-

sity of states associated with the new pesk is N. = 3.9 x 10°° states/eV-cm-.

1

This new peak is not the high frequency peak (~10 .

7 Hz) reported by Morilta et a1t

This data will be presented in detail elsewhere.

In the general cage, one can identify f;ur Teatures of our MIS struc-
tures and measurement Technique whichfleah to improved resoluvion of interface-
state effects:

(1) The large values of C_ permitted by the effectively thin insu-
lating layers maximize the interface/semiconductor contribution to the measured
electrical guantities.

(ii} The use of low—carrier-concentration semiconductors keeps Cd
relatively small, so there is less shunt effect on the Ci, Ri and Cl’ Rl legs
of the circuit, The -carrier concentrations of our samples are signi-
ficantly lower than those normally used heretofore.6

(iii) The measurement of €, and D as a function of opbical flux

S
" helps to identify C, and R,.
(iv) The comparison of the behavior of different insulators helps

$o distinguish different physical mechanisms, especially bulk and interface

effects.



To this list we could also add the temperature and bias voltage va%iation of CS
]

and D. We expect, for instance, that suchmessurements will fe useful in refin-
ing our understanding of the GaAs interfacemétate properties and ultimately
providing a complete profile of the interface deﬁsity of stafes.

Tn our second application, photocapacitive MIS infrared.detectorsg

4

that operate at room temperature have been built from both LaF_-covered and

3
composite-insulator-covered Si and GaAs. These new detectors have unoptimized
- S - 1
detectivities at 13 Hz of ~2 x 107W T-cm-Hz? for Si and -1 x 10°°W “-cm-Hz

for GaAs. The former number represents an order-of-magnitude improvement over

9

both our initial 8i devices,” which used SiO2 insulating layers, and conventional
photoveltaic Si detectors.12 Additional details on this applicabion will also be
presented elsewhere.

Finally, we should mention that a preliminary study of the compatibils

ity’of LaF, films with photolithography techniques has also been conducted. Two

3

SiO2~LaF3 composite insulalor samples were itrezted. A mesa was made on one, and
a hole in the composite layer was etched into the other with HCL. This experi-
ence indicates that the use of LaF3 fiime or Si is compatible with

standard microcircuit fabrication techniques.
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Figure 1.-
Figure 2.-

Figure 3.~
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FIGURE CAPTIONS

The C-V cheracteristics for two Si samples. The ramp rate for all
curves is ~50mV/sec.

The C-V characteristics for two Gals samplés. The ramp rate for
both curves is ~50mV/sec.

The series capacitance C_, and dissipetion factor P as a function of

8
Irequency and photon flux for the GaAs sample with a 2503rthick

LaF3 insulator. The dots are data points and the solid curves

are Tits to these points &etermined by inserting the parameters in

the Table into analytic expressions for CS and D for the circuit

showm in the inset.
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ABSTRACT

Improvement of the previously-reported photocapacitive MIS infrared
detectors has led to the development of exceptiocnal room-temperature devices.
Unoptimized peak detectivitigs on the order of 1013W_lcmHzl/2, a value which
exceeds the best obtainable from existing sclid-state deteciors, have now been
consistently obtained in Si and GaAs devices using high-capacitance LaF, or
composite LaFB/native—oxide insulating layers. The measurgd spect?al response
of representative samples is preseﬁted and discusséa in detail together with
a simple theroy which accounts for the cbserved behavior. The response of an
ideél MIS photocapacitor is also contrasted with that of both a conventional
photoconductor aﬁd a8 p-i-n photodiode, and reasons for the_superior perfor-
mance ‘of our detectors are given. Finally, fundamental studies on the elec-

trical, optical and noise characteristics of our MIS structures are anaiyzed

and discussed in the context of infrared-detector applications.



I. INTRODUCTION

In an earlier paperl we reported on a new clags of room—témperature
infrared detectors, which exploits the normal photocapacitive effect in MIS
(metal—insulator—semiconductor) systemse, and our initial measurements on
prototype 81 devices. BSince that time, we have achieved an order-of-magnitude
improvement in the performance of these detectérs. Although our current Si
and GaAs devices are still unoptimized, they now outperform comparable solld—
state detectors3 with peak detectivities on the order of 1013W lcmH /2 In
this paper we wish to give a full account of our latest experimentsl findings
on 51 and GaAs photocapacitive MIS infrared detectors.

The mechanism we are exploiting in infrared detection is very
general and applies to a wide range of dielectric materials. In all cases,
operation depends on arranging the materisl so that its electrical capaci-
tance varies as modulated light impinges on it. If the capacitor is charged
initially (by an external source, or because of work-function differences
between the contacts, or because of stored surface charges), then the time-
varying capacitance generates a voltage across the device, which can be
detected In a suitable external circuit. In the photocapacitive mode of
operation, the capacitance is varied through processes which depend sensi-
tively on the wavelength of the incident radiation, e.g., the creation of
electron~hole pairs. In nearly intrinsic semiconductors, therefore, the
wavelength must be shorter than that corresponding to the energy gep,
as in conventional photoconductive and photovoltaic devices, and a narrows

band sensor results. In.our typical Si detectors, the detecitvity pesks at



s wavelength near 0.9 um and falls to one-half its pesk value at sbout 0.5 1m
and 1.0 um.

Semiconductors to be operated in the photocapacitive mode are optimally
arranged'in an MIS configura.tion.l Device performance is influenced by the
choice of metal contacts and the insulating material as well as the semicon-
ductor used. The back ohmic contact and the front transparent metal contsact
can be made of metals whose work-function difference biases the device into
depletion or inversion. Thus, the desired chafged capacitor can be created
without an exbternal applied voltage. TFor the insulating layer, a number of
different materials have been tried: The best ;nes ha%e proven to be.ﬁative-
oxides of the semiconductor being used and electron-beam deposited lanthanum
floride (LaFS) films, or combinations of the twoh. The native oxide of
gilicon (8102) can be thermslly grown, while the GahAs may be anodized to form
its native oxide. The LaF3 film has the useful property of possesging a high
fixed capacitance independent of its actual thickness (250-10003), provided
that the modulation frequency is below & characteristic response frequency
{> 100 QHZ). Such a film acts as though it were 100-2008 thick with a dielec-
triec constant of 1k (thg bulk value of LaFS). The presence of LaF3 also
permits a blocking front contact to be achieved with much thinner native-

_ oxide layers (100-250%) than otherwise possible.

In Sec. IT we present and discuss our experimental measurements of
the responsivity and detectivity for representative Si and GalAs devices. A
simple theory of the responsivity is also developed there and used to contrast

the photocapacitive-mode performance with that of photoconductive and photo-

voltaic devices. In Sec. IIT we discuss additional fundamental siudies on our



MIS structures, including the determination of the equivalent circuit, the
precise relation between the measured and generated signal voltage, the
sources. of noise in these devices, and the optimization of the detectivity.

Concluding remarks are given in See. IV,



IT. RESPONSIVITY AND DETECTIVITY

A, Experimental Measurements

We have constructed in excess of twenty Si and Gads MIS photocapacitive

* -
infrared detectors with normalized peak detectivities DA on Ghe order of 1013W 1

cmHzl/e.5 Qut of these we have chosen three representative samples {to be de-

noted as Si-58, GaAs-7 and GaAs-10) for extendéd analysis and discussion here.
For future reference some of the important physical parameters of these samples
are summarized in Table I. In each case the MIS structure consists of a 1253—
thick transparent Au front contact followed by either a single insulating layer

of LaF3 or a double layer of LaF,_, and native oxide adjacent toc the semiconductor.

3

In the latter case, the La¥,_ is deposited directly on top of native-oxide-coated

3

81 or GalAs, while in the former, the LaF. is deposited on freshly-prepared bare

3
Si or Gals. Low-carrier-concentration, n-type semiconducting material is used
in all semples, with the (100) surface in Si and (111) surface in Gals exposed
to the insulating layer. Baék ohmic contacts are formed for the 5i samples by
first e-beam depositing an Al Tilm then sintering at 55000 for 10 minutes in

flowing N. gas, and for the Gals samples by e-beam depositing a film of Ge-Au-Ni

2
alloy then sintering at 450°C for 10 minutes in flowing forming gas. The com-
pleted MIS structure is annealed at %00°C in a NE atmosphere for one hour.

The normalized responsivity

R’; = V/p (V-eni/ir) (1)

and detectivity

- e
(Vvlcm Hz ) (2)



for cur three samples have been determined by shining modulated, monochro-

matic light on the top Au contact of the MIS siructure and measuring the

resultant signal voltage.vs. Plots of RA and DA ag a function of optiecal
intensity and wavelength A are shown in Figs. 1-3. These measurements all
refer to the following experimental conditions: room temperature; no externally
" applied bias; modulation or chopping frequency £ = 13 Hz; amplifier band width
Af = 0.53 Hz; and mo;;chrometer slit width Pmm (spectral resolution - 1003).
The measured noise voliages Vn are listed in T;ble T, and average photon flux
o] and pover ersity PO values for tbe‘various gytical fiiters used are given
in éable TT. -

It can be seen Trom Figs. 1-3 that in general detector response at
a given wavelength decreases as the radiation intensity is increased, although
at the lowest light levels used an approximate linear-response regime exists.
Saturation of the detector will occur at high light lévels, but its onset is
clearly very slow, with R: and Di decreasing by less than an order of magni-
tude for a 1000-fold increase in PO. The long-wavelength cutoff of the
response reflects the absorption characteristics of the semiconductor used.
Thus devices fabricated from Gals, which is a direct-band-gap material,
exhibit much sharper cutoffs below their threshold wavelength than do those
of 8i, which is an indirect~band-gap material. Below the wavelength of
peak responsivity, both materials heve a region where R; falls roughly as
1/A, which means that the response per photon is nearly comstant. Both
materials also exhibit a small auxillary peak centered near A = 0.5 um,
beyond which Ri falls off sharply at still shorter wavelengths. The suxillary
peak is quite likely rglated to the sharp increase in the transmission coef-~

ficient of Au films below A = 0.6 ym. '
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B. ©Simple Theory for R,

A complete description of the photocapacitive response of MIS sys=
tems requires a careful zccount of the generation, transport, and recombination
of electrons and holes at the insulator-semiconductor interface and throughout
the entire space-charge region of the semiconductor. Such an analysis is in
Progress, but the essence of the phenomenon can be understood in terms of a
simple model for the photoresponse of an ideal depletion-layer. Moreover, the
generated signal volbtage VSO obtained from this model can be conveniently
related to the wmeasured signal voltage Vs through the appropriate equivalent
circuit of the device and measuring apparatus, aé discussed in Sec. III.

Consider an ideal MIS structure (i.e., oné without interface states
or fixed charges) containing n~type semiconducting material and internally
biased into depletion or inversion. If the deviece is in inversion, the modu~
laetion freguency will be taken as fast cémpared to the effective minority-
carrier generation rate, 80 that the inversion-layer charge does not respond
to the external stimulus.’ Tgnoring the inversion layer, the total voltage

across the device is just
Q
= — 4
V c b7 (3)
vhere Q is the total amount of charge depleted from the semiconduchtor,

Q= -en YA (k)

with 0, the bulk carrier concentration, & the active area, and Ed +the depletion-

layer thickness; C. is the insulating-layer capacitance; and ws is the potential

0

gt the insulator-semiconductor interface,



with es the dielectric constant of the semiconductor (in units of EO). The
estimated surface potentialsa present in our three samples are given in Table
I. In the case of Si-58, ws corresponds to weak inversion, while in both Gals

samples, which do not form inversion layers, Y_ corresponds to a region of deep

=]

depletion.

We next envisage low intensity, monochromatic radiation, modulated at
a frequency f = O/2%, to be normally incident on the front metal contact of the
device. Electron-hole pairs are generated in the semiconductor at a rate (per
unit area) of

Zs P ;
— > it
9)\ —-——*Q-EA(I-%(:‘ )

) (6)
where LY is the fraction of photons actually absorbed by the semiconductor
(i.e., the guantum efficiency) and E, = he/A is the guantum of photon energy.
The effective recombination time for these pairs, Ty 5 will ‘depend on the
spacial region of the semiconductor in which they are created. If A is either
far below or just below threshold, corresponding to pair production at the
inswlator-semiconductor interface or well into the bulk, respectively, then
5y will be very short and the depletion layer unaffected. In the former case
recombination is speeded by the high density of surface states or traps at

the interface, while in the latter case Ty approaches the bulk minority
carrier lifetime TP. For intermediate wavelengths, however, the electron-

hole pairs will be created in the large electric f£ield of the depletion layer.

In this case the holes are driven to the interface and the electrons to the



back of the depletion layer before they can recombine. The depletion layer
is consequently thinned and its capacitance increased by the radiation.
Recombination ¢an now oceur only by thermal diffusion of electrons and holes
. against the depletion-layer field, a very slow process. In this regime,
Ty, >> TP and wTA >> 1, If little charge flows in the external circuit com-
pared to that which flows across the depletion layer, then a voltage &V

develops across the device. From Egs. (3) and (5) with Q constant, one has

SV =S5V,

(7)

The change in the depletion-layer thickness, Gld, may be related to the number
of electrons created by the radiation £ield, 6N, by the conservation of

charge:

= —-en s - o=
JQ LS A-eiN =0 ()

In turn, 60 is governed by the simple rate equation

ﬂ:gA_E_’\i o (9)
d't A TZN >

whose solution, using Eq. (6), is

n’.P T A i it
5N=-—i~°——"—[l+ e ] (10)
) .

T Rt

Combining Egs. (7)., (8) and (10), one finds

7& -
sy ="abhieA |+ —

E, Cy 1+ W,

e"zwt] ) (1)



where

£ A
d (12)

is the depletion-layer capacitance. Clearly, oV + 0 when T, + O as physically

A

argued above.  In the region of principal interest where ®g, >> 1, the magni-

A

0 0 0 i(Wt+d. 0
tude Vs and phase ¢S‘ of the generated ac signal voltage VS el(wt 957 become
o_ B <A
\E = a0 =0
Enw Cuw
) .
he nbEs W
and
Cb; = — ‘an 2NN
= - TSy (1b)

.

The latter represents the-usual 900 phase lag expected from a capacitive response.
In the special case of strong inversion, whexre Cd and ws are constants independent
of the bias, these results also agree with a limiting form of earlier expressions
obtained by Nakhmanson.lo

The responsivity of an ideal. MIS phobtocagpacitive detector,

0
%*,0 Y,
R, =—= , (15)
? B
can be used to estimate the expected upper limit for real devices. For My = 1,
i %
A=0.82 um and £ = 13 Hz, we find BX’O = 11.h, bk gnd 2.8 x 105V—cm2/W for

8i-58, GaAs-T and GaAs-10, respectively, at zero applied bias. The low-intensity

(10'3

filter) measured values shown in Figs., 1-3 are within a factor of 3 of
these 1imits for the GaAs samples, but about a factor of 10 smaller in 8i-58.
The latter primarily reflects a significant loading of the signal by the

amplifier, as discussed in Sec. III.
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The predicted dependences of the response on A, ws and ® have also
been examined. The linear variation of Ri and D; with wavelength noted -above
is more clearly illustrated in Fig. 4, where we have plotted Ri/E)t vs, A for
GalAs~T7, The predicted m-l frequency dependency has also been observed in the
measured Ri at low light intensity, as shown in Fig. 5 for GaAs-10. The
deviation at low frequency for the higher light intensities arises mostly
from the difference in the measured and generated signal voltages, as dis-
cussed in Sec. IIT. Finally, the dependence of the response on surface
po?en@ial has been investigated by measuring VS as a function'of applied
bias’ voltage. In-the case of 8i-58 only a seﬁi—quaﬁtitative approximaetion
to the expected behavior was found, but this included the anticipated saturation
at large negative bias, where Y5 becomes constant. 1In Gasfs, on the other

1/2 dependence has been

hand, rather striking confirmation of the (-¥g)
obtained, as shown in Fig. 6. Note that the apparent generated signal voltage
vso rather then the directly measured V_ is plotted here, using Eq. (26) of
See. IIT.

An additional important aspect of Eg. (13); which we have antici-
pated in our experimental program, is the premiuwm on low-carrier-concentration
semiconducting material. Our carrier concentrations (see Table I} are signi-
ficantly lower than used in most MIS applications heretofore, but we have
not as yet sought the real practical limit to which this material parameter
can be exploited. There is also, in prigcipal, an equal premium on & low
dielectric constant. In this case, however, the slight variation among

useful semiconductors will aimost certainlf be overshadowed by other con-

siderations, such as the wavelength- of peak response.
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C. Comparison with Photoconducting and p-i-n Devices

At this point it is instructive to compare Vso for an ideal photo-
capacitor with the corresponding results for conventional photoconducting and
p-i-n devices. The appropriate geometries of the three devices in the pressence
of incident radiation is indicated schematically in fig. 7. As above, we
consider the ideal high frequency open cireuit signal voltage generated in
respouse to low-intensity, modulated radiation. For simplicity and ease of
comparison we assume that each device is held aﬁ a common bias voltage V and
abso;bs the incident radiation with gqual_quéntum efficiency Ny - The signal
voltage VSO in each casé is most easily‘obtained from the general equivalent
circuit also shown in Fig. 7. The appropriate values of the generated current
density JS, impedance Z, and Vso are given in Table IIT. The term.ueV/(wLog) in
Js for the pho@oconductor acgounts for the number of electrons (with mobility
ue) that traverse the length LO in a cﬁopping feriod w_l, i.e., it is the
photoconducting gain., The impedance of the photoconductor is Jjust its

geonetrical resistance

R = . (16)
€He A

while that of the p-i-n photodiocde arises from the capacitance associated

with the intrinsic region

Coin = SA ' (17)

e
From Table III we may immediately obtair the desired ratios of signal

voltages:
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Vo, peap _ 2‘#’5’ Ly
Vv’ pe Vi 4y
~ ks (18)
2 )
and 0
-Vs‘, pcap _ 2; ~ |
= (19)

\éipm jh )

Thus Dbecause L >> Qd’li both the photocapacitive and p-i-n detectors possess an
inherent advantage over the photoconductor. The physical reason for this is
that both capacitive devices are effectively able to store the entire generated
charge on the capacitor-in each cycle,'ﬁhich more than-compensdtes‘for the
gain factor in the generated current of the photoconductor.

A quantitative comparison of practical devices entails many additional
considerations, of course, including differences in quantum efficiency, sources
of noise, and the'ease of fabricating the ideal geometry. Since the photo-

capacitive and p-i-n detectors mmst absorb the radiation in a relatively small

volume to be effective, one expects

7 > 7 ~ 7 (20)

A, pe A, peap A, pin .

This implies a broader wavelength resPonse for the photoconductor, but probably
little advantage nea& the region of peak response. The principal sources of
noise in the three devices are rather different and more difficult to compare
in a simple way. Both the photoconductor and the p-i-n detector, however,
contain inherent noise sources even in the ideal operation envisaged above.

In the former there is the usual thermal noise arising from the resistance R,
while in the latter a shot noise will result from the dark current which flows

through the intrinsic region. The ideal photocapacitor, on the
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other hand, is essentially noiseless, with the leading source of noise in real
devices arising from the resistance associated with insulator-semiconductor
interface states and inversion layer, as discussed further in Seec. ITT. This
wltinmately means that the noise may be conbtrolled through material parameters
which do not affect the generated signal voltage, a decided advantage. Finally,
the MIS geonmetry of the ideal photocapacitor, with no internal semiconductor
junetions, is probably more closely approximated in practice than that of the
p-i-n photodiode. The sum total of these consﬁderations would seem to explain

the superior performance we have achieved with our photocapacitive devices.



III. FUNDAMENTAT, STUDIES ON MIS STRUCTURES

A, Determination of the Eguivalent Circuit

To better understand the factors governing detector performance in
the MIS photocapacitor, we have conducted a number of fundamental studies on
our samples, Specifically, we have measured the frequency and dec optical
flux (20) variation of the total series capacifance C, and dissipation factor

.D of Si-58, Qa%s-? and GalAs-10 in an effort to empirically determine the

k11 Our results for the GalAs samples

equivalent circuit of these‘devices.
were discussed in Ref. L and Cs and D for GeAs-T are plotted in Fig. 3 of
that paper. The corresponding results for GaAs-10 are illustrated in Fig. 8
together with fhe inferred equivalent c;rcuit. In both Gals samples the
observed circuit is-distinguished-from.that of an ideal photocapacitor
{insulator capacitance Cy in series with Cd) in_thrée respects: (i) a small
sheet resistance Ry (10-30 @) arising from the large-area fromt Au contact;
(ii) a large surface-state capacitance Coq (100-200 nF) and resistance

R, (0.1-20 M2) associated with the insulator-Gahs interface —; and (iii) a
much smaller capacitance Cl {~ 0.1 nF) and resistance Rl (~ 2 M2} representing
a secondary, but undetermined, interface process. (The latbter parameters are
needed %o fit the slight upward inflection in D near 103 Hz at low 1light
intensity.) Of these circuit elements only Cd and Rss were found to vary
significantly with light intensity. The former increases by about 10% while
the latter decreases by two orders of magnitude in going from the dark to the

brightestiight used. Numerical values of the circuit parameters are given

in Ref., b,

1L



The fitting procedure itself starts by assigning a value to CO

that is inferred from the insulator-layer thicknesses and known dielectric

constants., Then, Cd is obtained for the different light intensities from

-the high-frequency C_ measurements where Cs_l = Co_:L + Cd_l. Next, C_

can be determined from the low-frequency high-light—intensity data since

-1 =~ -1 sy s . .
here CS = CO + (CSS + Cd) . Additional circuit parameters (RO, Cl

and Rl in the case of Gals) are introduced, as reauired, to fit the low-

light-intensity dissipation factor. PFinalily, Cd

and the interface-state
registance Rss are allowed to vary with light intensity as needed to

accommodate the light-dependence of the CS and D curves., One of the

least well known parameters in this procedure is C However, since it

0
is large it has relatively little effect on the other parameters. The

quantity most affected by the uncertainty in CO is C__. In GaéAs~-T, for

S8
example, if CO were decreased from 320 nF to 250 nF, CSS increases by
about 15%. However, with the same variation in CO’ Cd increases by only
about 0.5%. If, on the other hand, a 1000-2 native-oxide insulating
layer and a more typical carrier concentration of 2 x 1016 cme were used,
one would have C0 ~ Cd' The result of this would be To compress the

maximm variation in Cs by more than an order of magnitude, thus greatly

decreasing the resolution of the measurement.

15
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Our measured values of CS and D for Si-58 are plotted in Fig. 9.
In this case a slightly more complicated equivalent circuit is needed to
explain the experimental data. There is now a substantial inversion-layer
capacitance Ci and resistance Ri in addition to the usual fast interface-

state contribution.2’9 The presence of both effects is evidenced most clearly

2,13

from the two well-resolved pezks seen in a GP/w vs. freguency plot, where

GP is the total parallel conductance of the semiconductor and interface
(excluding the insulating layer) as illustrated in Fig. 10. We have also

found it necessary in this case to introduce small circuit-element pairs

in addition to C , R. to obtain a good it to the data.lh

Cc R, and C 12 1

2> Bp 3> B3

The numerical values of the fitted capacitances and corresponding time

constants —
LSS - RSS c:.SS b (21)

etc., are given in Table IV, Note that, in contrast to the GalAs case, only

T, = R, (22)

T 3

and neither Cd nor Tss’ vary significantly with light intensity. 1In this

regard, it should be emphasized that the dc and ac light variation of Cd
aren't expected to be the same. From Eg. (10} of the simple theory developed
in Sec. II, for example, one sees that the former depends strongly on the

effective recombinabtion time TA while the latter does not.

B. Measured vs. Generated Signal Voltage

The measurement of CS and D and the determination of the eguivalent
eircuit permits one to precisely relate the measured signal voltage VS to that
0
generated by the depletion layer, VS . The signal voltage is measured by a

(PAR model HR-8) lock-in-emplifier with en input impedance of R. = 10 M2 and
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VS is the magnitude of the voltage across the load resistor RL' To relate
VS to VSO one may use the general equivalent circuit of the device and
amplifier shown in Fig. ila, where Z denotes the total impedance associszted
with the inversion layer and insulstor-semiconductor interface. One may
further eliminate any dependence of the resulit on the particular form of

Z by relating it to the measured values of Cs and D for the device:

D } I

+ — = R + + !
Wl Zwl 0 Twg, - = +1wG, . (23)

Using this result and Fig. lla, one obtains exacily

kS 2 Y
(i—-g—i-) +(D-wROCs) ] ,

| A (24)

VS:‘MRLCJ[ , 3
'+ (D+wR C )

In the GalAs samples, CS is always sufficiently large and Ry sufficiently

small For the chopping frequencies employed that

wR. C, »1>D » wR G |

(25)
Tn this limit, Eq. (2L) simplifies to v,
2
Vs [- g0y |
° (26)
This result almost completely reconciles the measured responsivity Ri with the
simple theory'developed in Sec. II for the generated responsivity Ri’ . Ab
either low light intensity or high fregquency CS ~ Cd’ as can be seen from
Fig. 8, and 1little difference between R; and Ri’o is expected. At high intensity

and low Tfrequency, however, CS >> Cd due to the large contribution of the inter-

% *
face states, and hence RA << BA’O. This explains the behavior noted in Fig. 5,
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for example. If one now plots instead the apparent ggnerated responsivity

* -
RA’O versus frequency, using Eq: (24), then the expected w 1 pehavior is

seen in all cases, as shown in Fig. 12,

In Si-58, on the other hand, CS is generally an order of magnitude
smaller than in the Galds samples due to the much larger active area of the
latter. This results in considerable loading of the measured signal by BL

#*
in the Si case, as already noted in Sec. II. When RA’O is extracted from

*®

A
obtained for the GalAs samples. At low light intensity (10_'3 filter),

R, via Eg. (2k4), the agreement with the simple theory is comparable to that

A =0.8 ym, and ¥ = 13 Hz, for examble, we infer experimental wvalues for

%0
A

respectively. These values are all approximately 50% of the ideal upper

R of 6.1, 2.0 and 2.1 x lOSV—cm?/W for 8i-58, GaAs~T and GalAs-10,
1imits quoted in Sec. II. We fufther infer from Eg. (13) respective quantum
efficiencies ny of 0.53, 0.47 and 0.4h, These are quite reasonable values
and their approximate constancy is very supportive of the theoretical inter-
pretation of our results.
c. ﬁoise

Determination of the equivalent circuit also permits one to predict
the noise voltage inherent in the device. Unlike the relationship between the
measured and generated signal voltages, however, the result will depend on the
details of the impedance % associated with the interface states and inversion
layer. If Z consists of a parallel network of capacitor, resistor pairs as

(k) across BL due to the kth

we have assumed above, then the noise voltage Vn
pair may be calculated from the equivalent cireuit shown in Fig. 11b. The

result is
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4
Vck) RLCK[(;,_z) +(D-wR,C, ) ] v (o)
(f"f‘(}.l ?k )({-}(DT"‘)RLCS)) nk 2
Where Vnk is the Johnson or thermal noise associated with the resistor Rk’
Y
Ve = CH#KT Reaf) (28)

Since the nolse sources have random phases, one may calculate the total noise

(),

voltage Vﬁ as the rms average of the individual Vn

(% [ '\];(MJZJVZ
Va

' _-gs_z__l)_ o 2
_ WRL("H{T Afz Ck T :-k [(f Co) (D Rocs)' (29)
Pe7 J'f‘(D-{-wRLcs)" .

Vi

t

In obtaining Eq. (29) only the total negligible contribution due to the sheet
resistance RO has been omitted from the sum.

For the GalAs samples considerable simplification of the genersl
expression (29) is possible. One may again use the inequali‘ties. contained in
Eg. (25) and also the fact that the noise conmtribution due to the C s RSS pair

S8

dominates that due to the Cl’ Rl pair for the GaAs circuit shown in Fig. 8.

Furthermore, wT >> 1 in the region of interest, go that

V, =

i
R (fH<TRSS af) (30)
SS &

The wﬂl dependence in Eg. (30) is characteristic of surface-state dominated
noise in MIS st:r'1:u:"m.uc‘es.2 It results from the shunting of the Johnson noise of
R__ by the capacitive impedance (Lqu)—l of the depletion layer. Equation (30)
with CS = a is compared with the directly measured (dark) noigse for GalAs-10

in PFig. 13, where the freguency dependence of the noise was measured on the
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i5

lock-in-amplifier. The anticipated and measured noise show good qualitative
agreement, but the former is about a factor of 3 too large. We attribute this
to inaccuracies in determining the pﬁrely resisti%e elements in the impedance
Z. In this regard, we note that the impedance of a surface-state continuum,
wnilike that of a single level, is only accurately represented as a series
capacitor, resistor pair for W _ << 1.9’lh
The frequency dependence of the noise in Si-58 shows a somewhat more
complicated behavior due to contributions from féth the interface and the
inversiop layer. The full expression (29), used in combination with the Si
equivalent circuit shown in Fig. 9, gives the correct qualit;tive behavior
but is again gquantitatively too large with respect to the directly measured -
noise, as shown in Fig. 1k. fhe largest different between the theoretical and
experimental results here occurs in the hig;,rh frequency region where the noise
is dominated by the interface states. This reinforces our suspicions sbout
modeling the interface-state impedance in terms of series capacitor, resistor

ik

pairs.

%
D. Optimizgtion of D}\

Although Eq. (29) for Vﬁ is of limited guantitative accuracy, it is
informative to combine this result with Eqs. (2), (13) and (24) to obtain the

expected detectivity of a photocapacitive MIS devieces:

(ck/A)Tsz
[MT% e J

-
D* _ e )&}\ /:
A Eh

(31)

Both the depletion-layer capacitance Cd and the load resistance RL have can-

%
celled out of this result. The uwltimate factors limiting DA become the capa-

citances Ck and time constants Tk associated with the inversion layer and
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interface. TIn the GaAs samples, Eq. (31) may be simplified in the same manner

as above to yield

Ya

* o ¢ )LA ( AC—SS A )
D, =
Ex \ 4kTC,.

) (32)

which is independent of frequency. The interface-state capacitance CSS is

determined by the denzsity of interface states NSS,2’9

Ci = eANg (33)
while the corresponding time constant depends on the capture cross section o
2,9

S

and density of electrons at the interface according to

~ exp (-€% /kT)
., = T , BED

Ses Vg, nb_

where ¥,  is the thermal velocity of the electrons. Substituting Tas. (33) and

%
(3h) in Eq. (32) exposes the dependence of D, on the material parameters which

may be controlled:
) I¢==e@ ew(-e%AKT)
A ) E)\ (#‘kTo-ss V-t-j, ﬂéENSS)V‘ ¢ - (35)

Interestingly, the premium on a low carrier concentrabtion and a large negative

%
surface potential found for the responsivity RR’O

has returned. There is also
a clear reward for an interface with surface states of low density and a small
capture cross seciion. In this regard, the measured values of Nss and Oss for our

12v~1on™? ana Oy ~ 10H5—10_9cm?) are both very large with

GaAs samples (NSS ~ 10
respect to the current standards of excellence for insulator-semiconductor

interfaces.9
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The case of S5i, on the other hand, is again somewhat more complicated.

3 _ b

At sufficiently high frequency (~ 107-10 Hz in 8i-58), the detectivity will be

surface-state limited and the above considerations apply. However, the high

*®
frequency DA can be much less than that at low frequency, even in the weak inver-

sion regime. In 8i-58, for example, we find Di at 2000Bz a factor of 6 less thén
that at 13 Hz. Presumably, the low frequency Di in 8i devices could be inecreased
by lowering the surface potential ws to near midgap so that no inversion layer

is formed. However, this can only be advantageéﬁsly done to the extent that

Tss does not become so short that the noise is amplifier limited. In this

regard, a low carrier concentration o is again beneficial.



IV. CONCLUSIONS

We have demonstrated that narrow-band, high-detectivity infrared
sensors can be produced by using MIS structures in a photocapacitive mode. Even
without the optimizaition of material parameters, room-temperature peak detecti-

vities on the order of 1013cmer1/2

/W at 13 Hz have been consistently achieved
in 81 and GaAs devices with La.F3 or composite Léstnative oxide insulating
layers. This performance exceeds that_of conventional solid-state detectors,
inecluding photoconductors ;nd p-i-n photodiodes. Our fundsmental studies on
MIS structures further suggest that comparatively high detectivities can be
expected in s wide range of semiconducting mate?ials and hence over the entire
infrared spectral range. In particuvlar, i1t should be possible to use cooled
narrow-band semiconductors such as InSb and HgXCdl_XTe to adveantage in the
long-wavelength regime.

Our studies have slsc isolated the most important material para-
meters affecting the responsivity and detectiviity of photocapacitive MIS
systems. These parameters sre primarily the bulk carrier councentrabion By,
the surface potential ws at the insulator-semiconductor interface and the
density Nss and‘capture cross section Ugs of interface states. Present
indications are that the gquantities ns NSS and Oés should be generally
minimized, while the magnitude of ws should be maximized subject to the
constraints of no external'bias and no inversion-layer formation. However,
aside from our deliberate use of low-carrier-concentration semiconducting

material, no attempt has yet been made to determine the practical limit
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to which these parameters can be advantageously varied. It seems likely, there-
fore, that even higher wvalues of Ri and Di will be forthcoming in -optimally-
engineered detectors.

The wltimate technological usefulness of our devices for infrared-
sensor applications, of course, will depend on many factors in addition to the
detectivity and the range of spectral response. These inelude chemical stability,
response time, susceptibility Yo microphonics, ease of fabricating arrays, and
compatibility with integrated optics and proceséing cireuitry. It 1s already
clear tha# many properties of our devices mee? special application requirements
quite well. For example, the spectral response of the 3i detectors ﬁeaks near
the emission wavelength of Gals lasers. Also, preliminary measurements have
shown that even our unoptimized 3i devices out—perfo?m.stame-of-the—art p;i—n
photodiodes up to 1 MHz. We anticipate that this can be extended-up to 20 MHz
and possibly beyond with suitably-designed detectors. These devices may con-
sequently find applications in optical communicaticns and computing systems.

Finally, arrsy fabrication of these MIS structures using standard photolitho-

graphy methods should be relatively simple.
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the semiconductor remains within an order of magnitude of the depletion-
layer thickness. The data presented here and in Ref. 4 refers to

A = 0.82 ym.

The notation in Ref. &t differs slightly from that used here. In R&T. b C,=C_q» R=R
and T,3ZT .
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We have recently discovered that if the impedance of the interface states
is ;epresented by the functional form appropriate to a continuum of sur-
face states (Eq. (10) of Ref. 9) instead of the series combination of

QSS gnd Rss’ tye S;-SS data can pe fit wiﬁhOut the ?hree ex?ya circyipf
element pairs. This primarily affects the interpretation of Tss and Rss'
Using a continuum model in 8i-58, for example, one would conclude that
T ig about a factor of 2 larger than the value found with'the equi-
valent circuit showm in Fig. 9.

To measure the noise, the output of the PAR lock-in-amplifier was recti-
fied and integrated for times (3-4 min.) long compared to the period
associated with the bandwidth setting of the PAR (usually 0.53 Hz). A

calibrated noise source was used to determine the transfer characteristic

of the entire system.
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TABIE I. Relevant physical parameters of the three MIS samples discussed
in the text: +tobal device thickness L{um); active area A(cmg), insulator
capacitance Cq(nF), bulk carrier concentration n_b(cm-3), surfzce potential

wS(V), depletion-layer capacitance C.(nF), and the 13 Hz maxinmum responsi-

d
s 212

. 5 2, . .. * 13 -1
vity R}\, (10°V—cm™ /W), maximm detectivity Dk,max(lo 3W cmH , and

measured noise voltage Vn(uv).
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Sample Insulator L A C

0
$i-58 2508 LaF3/2soR 510, 300 0.042 5.13
GaAs—T 2508 LeF 25% 0.3 320
GaAs-~10 5008 LaF_/2508 native 25% 0.3 85.0
oxide

By -1115 . Cq By ,max Dy L,MaX Vn
8i-58 2.4 x 10 0.1k 0.297 1.1k 0.51 0.080
GaAs—T 3.1 x 1007  0.85 5.57 1.98  1.20  0.022
Cefs-10 3.1x 10 1.05 5.02 1.75 0.78  0.030

aE‘pitaxial layer grown on degeneraite substrate.
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TABLE IT. Average photon flux & (number/cmg—sec) and power density PO(W/cmg)

at A = 0.82 um for the neutral-density filters used in the present experiments.

Fiiter o) P0

10° (no filter) }.38 x 1072 1.06 x 10“6

107t 4.30 x 10 1.0k x 2077

1072 7.15 x 10°° 1.73 x 100
9 9

1073 _ 5.66 x 10 1.37 x 10°




TABLE ITI. Average current density J 5? magnitude of the impedance [Z| , and
0
generated signal voltage VS for the three ideal photodetectors depicted in

Fig. T. Here é}\ = n}LPO/E;\.

29

0
J |z v
s s .
; = 1 - A S
photocapacitor eg —— eg, [~—=—= !
A wCy ATwC a wn.bid
- ]-leV - )i
photoconductor eg, — R eg, —— -
' A u)Loa - ’ A wo By
. - 1 = _A
p~i-n eeg)k e &) we

pin ] pin




TABLE IV. Equivalent circuit parameters for Si-58, with capacitance in nF
and time constants in sees. Photon flux for -each filter was 28, Where

® is given in Table II.

30,

Filter  dark 1078 107t 10°
C; 1.09 1.27 1.69 . 2.95
T, ' 0.037 0.035 0.018 0.00425
éo ' 5.13

Cd 0.297

Coq 0.251

T g 6.25 x 1077

¢, ' 0.029k

Ty 1.73 x 1072

C, 0.020

T, 3.0 x :I.O"lL

93 0.035

T 2.0 x 1077




Fig. 1.
Fig. 2.
Fig. 3.
F%g. i,
FPig, 5.
Fig. 6
¥ig. T.
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FIGURE CAPTIONS

* #*
Measured responsivity Rl and detectivity DA as a function of incident

wavelength A and opbtical intensity for 8i-58 at 13 Hz.
Measured responsivity R; and detectivity D; a8 a function of inecident
wavelength A and optical intensity for GalAs-T at 13 Hz.
Measured responsivity R; and detectivity Di as a function of incident

wavelength A and optical intensity for GaAs-10 at 13 Hz.

*
Responsivity per photon, RA/EA’ as a function of incident wavelength

*A and optical intensity for GaAs—T-ét 13 Hz.

%
Measured responsivity RA as a Tunction of chopping irequency £ and
optical intensity at a2 wavelength A = 0.82 um in GaAs-10.

)1/2, where ws is the

Apparent generated signal voltage VSO s (—ws
insulator-semiconductor interface potential, in a GaAs MIS device
whose physical characteristics approximate those of GadAs~T, with

A = 0.82 ym, 10_3 filter, and £ = 13 Hz. The straight line represents
Eq. (13) with a quantum efficiency ny = 0.3k,

Schematic representation of three ideal photodetectors discussed in
the text. Each device has a horizontal lengbh L0 and an active area
A on which the radiation is incident. Regions marked I, n, p, and i
denote insula?ing material and n-~type, p-type and intrinsic semi-

conducting material, respectively. Shaded areas represent metal

contacts.
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Fig. 8.(@Total series capacitance Csand.ﬁhissipation factor D as function of
freaquency f and de optical flux 2@ for GaAs-10. The solid lines
represent parameterized fits to the experimental points based on
the equivalenf circuit shown in the inset,

Fig. 9.@)Total series capacitance CsandﬁﬁdiSSipation factor D as a function
of frequency f and dc optical flux 20 for 8i-58. The solid lines
represent parameterized fits to the experimental points based on
the equivalent circuit shown in the inset.

Fig. 10. Norgalized parallel conductance Gg/w gs a functiog‘of.freguency bl
and de optical flux 29 for Si-58. The low frequency peak is inter-
preted as due to the inversion layer and high frequency peak
(5 x 103 Hz) as due to interface states. The solid lines represent
barameterized fits to the-experimental points -based on the equi-~
valent cireuit shown in Fig. 9.

Fig. 11. General equivalent circuit for (a) relating the measured signal
o

i o i
voltage Vse ¢ to the voltage generated by the MIS device, Vsél¢ 3

and (b) relating the ¥ component of the measured noise voltage

Vﬁ(k).to the thermal noise voltage an associated with the resistor

Rk of the kﬁh leg of total interface~inversion-layer impedance Z.

*®
Fig. 12. Apparent generated responsivity RA,

0 as a function of chopping
frequency £ and optical intensity at a wavelength A = 0.82 um in
GahAs-10.

Fig. 13. Measured noise voltage, sample noise voltage (measured minus amplifier),
and theoreticelly expected sample noise voltage, Eq. (30) with CS = Cd’

as a function of chopping frequency f in GalAs-10.
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Tig. 1b. Measured noise voltage, sample noise voltage {measured minus amplifier),
and theoretically expected sample noise voltage, Eg. (29), as a function

of chopping frequency f in Si-58.



1.2

1.0

0.8

-2
Vem/ W)

o

(@]

& S
RX (10

o

EAN

0.2

Si- 58 | KW

-3
I0 FILTER

Q. g
S \YO N
\
a
0
-0 10
o0 -O-0-O0-04 ~
om0 O (=)
OO~ O-O- OOy C O\
| | | | ] l
04 0.5 0.6 0.7 0.8 09 1.0 |
X (em)

Fig 1

0.5

0.4

2
cm)

O
o
/

I |
Hz

w

o
r\.’I."f’>
(10

Dy,

Ol



I ] ] I I ] I ]
201" Gans-7 W ., 1"
_ A <210 FILTER
s 1.0
1.6 |- ‘
= .._
~ — 0.8
e g2 _
L 2
< - - 0.6
(9]
2 o8l -
~< — 0.4
:aB: o 0
04 |- 0
B OO~ OO~ OO0 10
0.4 0.5 06 0.7 08 0.9 1.0
A (pm)

Fig.d

13 -1 Y/
(10" W Hz~

)

Z Ctm

A



1.8
1.6
1.4
= 1.2
~.
“e
S 1.0
-2
0 0.8
o
.*/( 0'6
(1)
0.4
0.2
0

0.4

Fig.3

P~ O-0-0-0-B-0-O-O-

IO

0.8

©
N‘

e
o

o
o

O
s

o
o

©
)

O

)

|
I 72
Hz cm

D*X(IOI3 W



2

. -i4
RA/E X(IO V-em - sec)

Figh

| I ] I ]
GaAs -7
. a —
10 FILTER
10”2
B o' 7
. ii‘ —
0 9
o %
> ) A "
B H0-0-0-0. ' 1 o 7
OO ' 10
020202000 OO °1‘\ .
1 | | |
04 0.5 0.6 0.7 0.8 09 1.0

A (pm)



[\2]
=
o
o o —
n Lud ~N
< 5 =
3 L. -—
oz ]
‘© o
- Q
o
_ 1 "o
= - o )
o

o .
(M7 Wo-A OF) ¥ .

Fig 5



Figl

700

600

500

400

300

200

100

3.0



0
s V
$,PCAP

P R Lk O L AL & Lt A 4 Eg L

11— VO
z 8.,FPC
; LSS LEAILTSILSS LTI IS LSS TS IS,
| Lo -]
MIS PHOTOCAPACITOR PHOTOCONDUCTOR pin DETECTOR
~ 0
Jg Cj Z Vo=y A |z

EQUIVALENT CIRCUIT
Fia 7

< Qe



.GaAs -10

(a)

IO

1o’

f(Hz)

Fig §4q



GaAs- 10

(b}
6° l N |
10’ . 108 10° 10" 10
f (Hz)

Fig . ¥b



10

-Cs (nF)

0.1

Si-58

{a)

i0

Fig Ya

3
10
f(Hz)




1.0 ] ' !

10° FILTER

0.0l l ' f

f(H2)

Fig.9b

10

{0



1.6

Si~ 58

1.2 }—

0
10 FILTER

0.8
™
=

P 0.6

0.4

0.2

Figlo



Fig il

k R % v(k)
—_— L
1 % C > D
Z Rk —_——d

(b)



GaAs - 10

o
Ll
g
TS
s
Q
<

O 1072
o 10"
o 10°

10

X
(M7 W3-A OI} o

0.1

0.0

10!

f (Hz)

Fig.



10 — GaAs-10
_ © MEASURED NOISE
- © SAMPLE NOISE
" g\
AN o I
i No wR_CaYakT R A
N\ © ' |
\NO ©
. e
S 10
“H N
== [
- o)
Ng
\ ©
— EJ \
N
AN
163 | IR EEE | ! FT.\; |
10 102

F‘;ﬁ 13.



10

Si-568

©® MEASURED NOISE
(0 SAMPLE NOISE

—~ 10
> -
3 i
~F -
-3
6 -
10

Ry 14

1)



