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Abstract:

A metal-insulator-InSb (MIS) technology has been successfully developed; and

MIS structures with excellent interface properties can be fabricated. The C-V characteri-
stics of these structures show a completely inverted low-frequency type C-~V response at
about 10 Hz, an indication of low thermal generation. An analysis of the conductance
measurements in the strong inversion region indicates that bulk generation dominates ;
minority carrier thermal generation, leading to good MIS structures.

Conductance techniques were utilized to study the interface properties of these

MIS structures leading to a detailed description of the surface state 1riropertv.es'.
face state density of our recent MIS structures is in the range of 10

'I‘he inter-
eV' '

appears that the surface states are continuously distributed over the entire InSb bandgap
The experimental results strongly indicate that the InSb MIS interface characterlstxcs are
adquately described by the Shockley —Read Hall treatment rnodel : :

. 'I‘hese InSb MIS structures have been used as IR sensors operatmg in the -

charge injection mode.:
(BLIP).
will be d1scussed

1. INTRODﬁCTiON' _-

In recent years solid-state imaging "~

devices operating on the basis of a surface
charge-coupling principle in the silicon -
MOS8 structure have received considerable
attention, and considerable progress has
been made in both line and large-area
imaging devices, with the silicon MOS
technology. These devices are used in the
visible region of the spectrum. For IR
applications a similar approach has been
applied to narrow-bandgap semiconductors,
namely InSb.

‘Their sensitivities approach background ~limited: performance e
InSh CID arrays have been fabncated and the results of these array measurements .

: The' success”of sxhcon charge -coupled

devices is ‘undoubltedly due to the advanced
" development of the silicon’ MOS technology,

but' a suitable dielectric technology for
other semiconductors has not yet been
fully developed. Most device development
work on II-V compound semiconductor
has been concerned with p-n junction
fabrication and as a result, excellent InSb
infrared photovoltajc detectors have been
developed. For surface passivation of
InSh p-n junction detectors, an anedic

*The early work of this program was supported by the Air Force Avionic Laboratory
and Army Night Vision Laboratory. More recent work is being supported by the Naval
Research Laboratory and Defense Advanced Research Projects Agency.




oxide of InSh has been commonly used.

A detalled study of anodic oxide InSb

MOS structures (1) conducted in our labo-
ratory indicates that majority carrier
trapping in the oxide causes the surface
state charges. For n-type InSb subsirates
the majority carrier electrons play the
major role in charge trappin in the oxide,
resulting in a negative surface state charge,
On the other hand, for p-type materials,
hole trapping is the dominant mechanism
and results in positive surface charges.
Both the indium and antimony atoms in ano-
dized InSh oxide, therefore, may be respon-
sible for charge trapping both types of
carriers, This variable charge-trapping
mechanism leads to an ingtability of the
MOS structure and it is, thus, difficult to
use the anodic oxide in MOS devices for
stable surface charge-coupling operations.

It was, therefore, necessary that a
new dielectric material and a suitable depo-
sition fechnology be found, if successful
"InSh MIS surface charge-counled devices
were to be developed. As a result of our
recent R&D efforts in this regard, we have
found that a dielectric layer of silicon
oxynitride (SiON) deposited pyrolytically on
an InSh substrate, yields MIS interface pro-
perties 2) that allow us to operate the MIS
structures as charge injection devices (CID)
in the charge storage mode. This paper
describes the interface properties of §iON-
InSh MIS structure and the experimental
results obtained using these struciures in
the charge injection mode.

. InSbh MIS STRUCTURES

The single crystals of InSbh used in this

" work were grown by the Czochralski method

with a(111) orientation. For n-type - -

materials tellurium was used as the dopant

with a. carner conce niration ranging from
1013 /em3 to 1016 /cm®; for p-type materials

_ cadmitum was the dopant at concentrations

" in the’ range of: 10 { - The dislocation

" densities’ (EPD/cm ) of these materials

' were less than 100/cm

" teristics of MIS structure.

The large ingots of InSb were: cut mto
wafers about 35 mils thick and 2-4 cm' in.
diameter. After the B face (Sb suie) of the
wafer was mechaniecally polished and
chemically etched, S8iON layers: were
deposited pyrolytically on the mSh surface
A typical oxide thickness is in the range of__
1000A to 2000A. The SiON dielectric layer
is extremely uniform and pin-hole free.

For a simple InSb MIS structuré; a:

i-transparent NiCr metal film less than L
100 thick and 20 mils in diameter was: 6
vacuum deposited on the SiON layer of InSb Sonder
wafer. The large wafer was diced into .-
small chips which were, in turn, attached -
to transistor headers. The device header *
was mounted in a cryogenic dewar for eval- -
uation. :

The MIS structures were measured = -
using a lock-in amplifier or phase-sensitive
detection technique. The lock-in amphfler
{(PAR 124) can be used over a wide range of
frequencies and is particularly useful at®
low frequencies. This admittance bx_'idge-i o
permits us to easily measure not only C-V:
curves but also conductance-voltage charac-
The conductance
of the device can easily be measured by
changmg the phase angle of the instrument
by 90° The conductance technique was
used exclusively to study the interface pro-
perties of the structures. All measurements
were made at near 77°K, unless otherwise
stated,

III. INFTERFACE PROPERTIES OF InSb
MIS STRUCTURES

1. C-V Characteristics of InSh MIS
Structure

The capacitances of the MIS structures
were measured as a function of the gate
bias voltage at various frequencies, as
shown in Figure 1 for an n-type substrate.
These measurements were made in the dark
condition; that is, the field of view (FOV)
was equal to zero. The device could "Séee"
only its own temperature so that no 300K




photon radiation could: héi’ré. bbnti"lbﬁfed to It has been shown that () the change
the minority catrrier ethbratmn process. in capacitance in the strong inversion
In this way only the thermal generation pro- region is due to the relative value of Gg

cess of mmomty carrlers in: the devxce can compared to wCp. The inversion capacitance
be determmed : S changes from the minimum capacitance,
; CoCp/(Co + Cp), to the maximum insulator
The C- V curves closely follow the capacitance, Cgy, as the measurement fre-

simple ideal MIS capacitance model (3). - quency varies from very high to very low
At the positive gate bias the capacxtance is values. Between these two limits the in-
apprommately that of the msulator and version capacitance is a function of frequen-

cy and increases with decreasing frequency,
as shown in Figure 1.

It has been shown that the capacitance
in the strong inversion bias region depends
on the relative value of the conductance,

It will be shown later that Gg can be
reglated directly fo the thermally generated
minority carrier current. If the relaxation
rate of the minority carriers is very stall
in the device, Gg is, indeed, very small
and the capacitance results in the high fre-
- quency case. This is the case when the
Jl. minority carrier generation rate cannot

" keep up with the small signal variation of
.. the capacitance measurement, resulting in

- “'a high-frequency type C-V response {equiva-
- lent to wCp >>Gg). If, however, the
~'minority carriers can follow the variation
~:in‘the measurement signal the capacitance
“irises,: approaching the insulator capacitance;

" ‘this:ig the low-frequency type of C-V curve,

- in which case wCp<<Gg. Therefore, the
low<frequency C-V data reveal quahtatwely,
~‘the minority carrier relaxation rate. The
frequency at which the minority carriers
mpletely follow the measurement signal
“variation is in the range of 10 Hz, indicating
: '_that the mmorlty carrier rela.xatlon rate in
“.these devwes s, mdeed small,

: pacitanc _‘I_‘h_e.mterfac_e state density of these

when the Ferml'level i vel;. bu MIS devices has been determined quanti-

" oat the surface ot the{_ POng- inv i bia = tatively and it Wwill be shown that the surface
*. Y - 'state dengities are also small.

"'2, Surface State Density of InSb
MIS Structures

valid. Later it will be shown quantxtat 1ve1$r
that these assumptwns can be apphed to _ Typical conductance (G, /w)-voltage
our InSb MIS devlces Lo s characteristics of an n-type InSh MIS




structure at various frequencies are shown
in Fipure 2. The rise in conductance in
certain bias regions is due to the capture
and emission process of carriers by the
interface states. The sharp single conduc-
tance peak is typical of single-level states.
if we, therefore, analyze the conductance
values in the peak region (6), we can deter-
mine the interface state parameters. Since
the conductance is caused by the steady-
state loss due to the capture and emission
of carriers by interface states,this tech-
nique is a more direct measure of the inter-
face properties than the use of C-V data.

The conductance technique used here
has been described in some detail it
reference 2; it provides quite accurafe
determinations of surface state densities.
At each bias point in the peak conductance
region, equivalent parallel conductance: .
values were computed from the measured
conductance data as a function of frequency.
From these conductance ¢urves, then, the
surface state densities were obtained for
different bias points. The regilts are shown
in Figure 3; the values of surface state den-
sity were plotted as a function of surface
potential. The circle-dot points répresent
the values determined by the continuum
model, whereas the triangle points were

obtamed from the single time constant model.

It is interesting to point out that, in the
depletion region, the experlmental points
follow the continuum model; whereas,
weak inversion region; the measured data
fit the single time consta,nt model

As shown in Figure 3 the surface
state density varies from mid-1010 emT
ev-1+to about mid-1011 em-2 ev-1, 1tis
also interesting to note that the 1nterface
state density tends to become a minimum
near the flatband, which is somewhat dif -
ferent from the silicon case. (8) This
result is also evident from the C-V curves
shown in Figure 1, where the surface state
density in the flatband region appears to be
lowest.

The corresponding surface state time
constant values were also determined from

in the .

.- strong inversion region, a simple eqmva

the equivalent parallel conductance data a
measured as a function of the surface poten
tial, as shown in Figure 4. Here, agair
the separate data points represent the't
models, as indieated, In both cases the
time constant varies exponentially with: the :
surface potential, but with different sl_opes B
for the continuum model the slope is 3/2;
and for the single time constant case, it is:
B /4, where B is a/kT; q is the electronic: ~: '
charge k is Boltzman's constant, and T is .
the abgolute temperature, The extrapcla:_-‘"_“ .
tion of the two lines, however, meets at .~
about the same point in the flatband voltage. .-

If the capture cross-section ig inde=: .
pendent of energy then the slope should be : 2
equal to #. A slope smaller than g may be .
due to the fact that the capture cross-gection .
is energy dependent. For the single time '
constant data, an even slower increaseé in- ..o
the time constant may be due to an add1t10na1 GEEN
contribution of minority carrier generatlon SRCI

3. Thermal Generation Mechamsm

As shown in Figure 2, in the'stro‘ng. : SR
inversion bias region the measured conduc-
tance becomes constant and independent of .-
bias, but is a function of the measurement: R
frequency, as in the case of the C-V data;
It has been shown that the capacitance varl—-
ation with frequency in the strong inversion
bias region depends on the relative valie of -
Gg with respect to wCp. Similarly, the -
bias-independent conductance values can be -
used to determine the thermal genera.tmn
mechanism of these devices. :

When an MIS structure with & reiatwely S
low interface state densgity is biased into'a- . =

lent circuit (4) of the capacitor can be’ " .
derived; the insulator capacitance (Cp) is m i
series with the parallel combination of the - " -
depletion capacitance (Cp) and a conductance,
Gy. For the admittance measurements, the

S structure is applied with a dc bias, V S
and a small ac signal, AV(t). The total R
charge density, Q, is given by

Q=Qp +Qsec Rk (.1)";:"_.':;'_




where Qp is the minority carrier charge
density in the inversion layer and Qg is the
semiconductor space- charge den51ty Qse
is then : .

Qsc D
where Npy is the concentration of the donor
impurities and x i$ the surface depletion
depth. The surface potential,: qSS, derwed
from the depletmn approxxmatxon 1s ;

The time variation of t’he' ebove.i.luaﬁ-
tities can be defmec_l a.s Q(t) Qo + AQ;
&(t) Qpo + AQp, (t) = Qsco + AQsc;
X X*g +: Ax o+ Ac,bs, where
QOy on: Q CO! Xo, and: L
established: by the. b1as and AQ, AQ R
AQge, AX, and: A¢5 are ‘caused by the ac

signal and thus are 4 function of: time.. Thué'

the time dependent quantlties__are

- from equation (6).

For a sinusoidal ac signal, A¢, = A exp
(jwt) and, thus,
-
Tge = 1¢ X Adg (9)

The current density, J,,, that charges
the inversion layer, should be equal to the
ac current density of minority carrier
generation. In general, the minority
carrier generation can be divided into three
separate generation currents, the surface
generation current, the diffusion current
outside the space-charge region and the
generation current in the space-charge
regiop. For an InSb MIS device operating
at TT K, the space-charge generation cur-
rent dominates, as verified later. Assuming
that the generation rate in the depletion
layer, g, is constant over the space- charge
region, the ac generation current dens1ty

is equal to qgax (7) and, thus,
= qgAx = o Ag (10)
p Do

It is interesting to note

.. that the ac generation current density
~depends on xg, which ig established by the

T -.-_'dc' bia.S' surface potential, ¢, .

The total ac current density given in

. f'equatmn (’?) is simply

since xg >> AX.. The tota,l ac current den-

sity, J, can be obtained by d1fferent1at1ng S

AQ Wlth regpect to. tlme- RN

dAQ =J. +J

T="a@ =7p’

where Jp = dAQp /dt ‘the'ac current dens;ty
charging the mversmn Iayer and Jgo =
dAQge/dt, the ac current density charging
the depletion layer. Jge c¢an be related to
the surface potential by

daQ,, aNpdAx  dag,

P i e

(8)

'where Y

""IS.IN%{ A¢Z'-.+jw6_0 ad (11)

: :--_'.thus the total ac current (f = JxAq) in the
; structure of area = Ad is

.I_Y Acp (12)

is the admittance of the heavily
mverted MIS {on the semiconductor side).
Therefore, the equivalent circuit of the

structure includes a conductance, Gé, and

capacitance, Cp, in parallel. The g and
Cp are then:
€g
Gg ND A a (13)
_ €
Cp=x; Ay (14}




Note that the conductance G

- directly proportional to the: generatmn rate i
g, which, in the space-charge region where s

both types of carrier densities are small -

compared to nj, is directly proportional to _ '

the intrinsic carrier density, nj,

g =, (15)

where 7 is the carrier lifetime, it is
assumed that the generation centers are
located near the intrinsic Fermi level;
therefore, Gg should be proportional to n;
in view of Eguations (13) and (15), so,

Gg an . (16)
There is experimental evidence for this
relation.

For the measurement of Gy the con-
ductance values can be obtained by meas-
uring the terminal conductance of the MIS
structure at a fixed bias in the sirong region
as a function of frequency. Typical meas-
urements are shown in reference (5), Thus,
the Gg values are determined by this method
as a Emction of temperature, Figure 5
shows the thermally generated conductance,
Gg, a8 2 function of the reciprocal of the
absolute temperature; the experimental
results yield a straight line on a semi-log
plot. The slight departure from a straight
line in the low temperature region is due to
the noise of the measuring instrument
since, in this region, the measurement
frequenmes used to determme Gg are quite
low (less than 100 Hz)

The exponentml dependence of Gg on
the reciprocal temperature does ensure
that the generatlon mechanism ig thermal
in nature. Furthermore from the slope of
‘the straight line, one can see that Gg indeed
follows the ng var1at1on with temperature
since .

D, o exp (-Eg/ZRT)', ' (17)

where Eg is the bandgap energy for InSb and

R equal to 0 23 ev The a.ctwa.tmn energy is
. correctly equa}. to Eg/2, as shown in.
Figure 5. Therefore ‘the dependence’ of
e the thermally generated conductance, G
. on the intrinsic. earrier. concentratmn ni,

mdtcates that: Gg is'dominated by genera= .
tion in the Space-charge regmn of the: MIS
structure, verifying our earlier assump-:
tion. The other generated components are,
indeed, smaller than that of the 'space="
charge generation. This meéans that the
minority carrier generation, due to surface
state density, does not contribute to the:
generation mechanism, Therefore, for the
inverted InSb MIS structure mmorlty
carrier thermal generation is dominated by
space~charge generation, which is a bulk
generation process, thus leading to good
MIS structures. i

From Equations (13) and (14), the' '
generation rate, g, is simply given by,

G N
g- £.D (18)

which can be calculated from the experi-

- mentally determined values of G, and Cpy.

For an n~type InSb MIS structure (Np =~

2 x 1015 ¢m, -3, Cg = 72 pF and Cpyip =
37 pF), for example, the depletion capaci-
tance, Cp, and the thermally generated
conductance G, are equal to 76 pF and
3.2 x10-8 mhos respectively, for-a 20-
mil diameter devme From these values,
the lifetime (7} can be computed to be,
approximately equal to 10-8 sec, which is
well within the range of the reported
values

The dark current I», generated in the
depletion region for the a ove devwe is,
then, approxnnately equal to 10~ 8A and
When operated in the charge storage mode,
this dark current limits the device's ulti-
mate storage time. The dark current -
storage time, Tg can then be related to
the dark current {9)

COAV
T o

I b
5 g

(19)




where AV is the voltage swing from inversion
to depletion. For AV = 10V, the dark current
storage time is about 0.1 sec. This result

is also evzdent from the C—V data.

It is s1gn1f1cant tha.t TS, here is
roughly seven orders of. magmtude greater
than the carrier lifetime for InSb MIS de-
vices, which is why the charge storage
InSb MIS structure is so attractive as a
charge integrating device even though the
carrier lifetime is short. Furthermore,
for InSb devices operatmg in'the IR regmn
the background photon flux that the device
..~ 8ees also generates ddltional current;

" which; then, causes a decrease in storage
titne. Our results (1,5) indicate that the
- dark current £ these stru_ctures is relatwely

where Af ig the bandwidth of the instrument
to measure the noise, Vy (volts), and Py

is the input photon signal (watts) to produce
the output electric signal, Vg (volts),

D*) , is equal to 2.8 x 10-8 X V5/Vy, where
Vs is the peak-to-peak value. We will com-
pare the measured D*) , value of Equation
(20) with the best possible theoretical value.

For our results, the best signal was
30 mV (measured at dc and, thus, the peak
value) at an integration time of 1 msec.
If we operate an array of 32 elements for

.+, one msec, the sampling frequency is 3:2x%
- 104 Hz.

k For single device measurements,
this is the same as a sample pulse period

"_.._of about 30 usec, as far as the sampling

- was computed to: be :
‘177 'value),. The estima ( 3ground photon
5 ﬂu;§ was approx;,mately ol

The conve
; for IR detectors uses D* gwen by

photons/sec-_'--_ o

“rate is concerned. Therefore, the noise
‘was measured at this samplmg rate, although
« the signal was measured with a one msec

period (= one msec storage time). A wave
analyzer: with a 'Af = 6 Hz bandwidth was
employed to. determine the noise values.

At the above: samplmg rate, the measured
noise value varies from 3 uv at 100 Hz to
2 pvat 104 Hz. We then use an average
noise of 2.5 uv ‘in the information bandwidth
samplmg frequency/a) for the measure-

Theﬂgnal—to ;-ﬁe'iée ratio is then,

.30 mv

4
2 5p,v =1.2x10

(21)

; Substltutmg Equanon {21) in Equation (20),
- the D*y, is,

D, = 3.4x 102 em(mz)'/? jvatt

A
° (22)

The theoretical expression of D¥s o (BLIP)

is given by,

Py
. 0
D*, (BLIP)= 2 ‘['n /2y

8]

(23)

“”!.f,;bf“?s;w e



*‘where 1 is the quantum collection efficiency,
Qp, is the background photon flux and the
other quantities are well-known. The col-
lection efficiency, 71, for our MIS structures
was, generally, equal to 50%. For the
above back round photon flux level,

(Qp ~ 1013 photons /sec-cm?), therefore,
the theoretlcal value of the background-
limited D*, ,, the best possible sensitivity,
is equal to

D*, (BLIP) = 3.6 1012
0

cm (Hz)l/ 2

/watt (24)
which compares closely with the measured
value of Equation (22).

In order to measure the device's
saturation characteristic, we increased the
number of input signal photons and ralsed
the blackbody source temperature to 800° C
so that the source signal photons were much
larger than the background photons (Qg).
Under this condition, then, the saturatmn
point depends only on the sxgnal photons and
can be determined quite accurately.  The .
measured saturation characteristic ofa
device is shown in Flgure B85 the saturahon
starts at a photon flux den51ty of about
6 % 1014 photons /sec-cm?. * Thus the maxi-
mum number of the stored: charges with a
quantum efficiency of 50% and the integration
time of 500 gsec is equal to apprommately
3% 108 carrlers.

L The _above_ ma.x1mum '-sto_l;'_ed_ charges
can be compared with the maximum storage
capacity of the MIS capacltor ‘The stored:
carrier dens;ty, N inc the potent1a1 well is
given by - ' :

NC(V b_¢)

- —(2qN e¢. ) / (25)

where Vip, is the flatband voltage and Co is
the oxide capacitance per unit area. The
maximum stored carrier density, Ny ax,
for a given gate voltage, V., is determined

when the system reaches the steady state,

which occurs when the surface potential
¢g, 1s approximately equal to twice the:
bulk potential, ¢F; ¢g = 2¢p. Thus;
Nmax is

Wor ™ CoT, - Vi, 2¢F) (4qN

max
¢ )"/ - .(26}:

For the device used, C) = 3.2 X 10~ 8]?‘écm2
Vg - Vi - 29 = 2 volts and Np = 10}
Smce the bulk Fermi level of n-type InSb *

at this doping level is near the conduction
band, the bulk potential, ¢, is equal to
about 0.1 volts, Using these values, the
maximum carrier density, Nmaxa that can
be stored in the MIS structure is,

. 11
Nmax_ 2x 10

carrlers/cm (2’7)
which leads to the maximum number of
stored carmers for an area of 2 x 103 em?2,
i.e. 4 x 108 carriers. This value agrees
with the expenmentaily determined value
of 3 x 108 carriers within the experimental

“ aeeuracy,

As shown in the above equation,
Nmax is directly proportional to the gate
voltage, Vg. To increase the storage capa-
city, however, V, cannot be increased to
any arbitrary h1 er value, because the
avalanche breakdown voltage of InSh
materials appears to be relatively small.
It should be pointed out, however, that the
measured dynamic range for Af =6 Hz is
already in the range of six orders of mag-
nitude.

The speciral response of InSh CID
devices was also measured; the resulis are
shown in Figure 7. For these measurements
an integration time of 100 s was used.

The device output signal voltage, corrected
for the thermocouple readings, was meas-
ured as a function of wavelength.

It is interesting o note that there is
no sharp peak in the spectral response and
that the response in the shorter wavelength
region is excellent. In fact, the quantum



efficiency is almost constant from 5y to 1y.
This is due to the fact that, for such a de-
vice structure, high collection efficiencies
can be obtained since the depletion region

is formed at the surface. No carrier diffu-
sion is reguired for collection, as is normal-
ly required in a p-n junction photodiode,
because most of the carriers are generated
in the high field region. This is why, for the
higher energy photons (shorter wavelength
region), the quantum efficiency is as good

as that for the peak response.

V. CONCLUSIONS

A metal-insulator-InSb MIS technology
has been developed. The interface state
density of these structures conforms to the

Shockley-Read~Hall theory of interface

states; experimentally the density has been

measured in the range of 1011 ¢m=-2 ev-1

(varym% with the surface potent1a1 from the
to nnd IO 2 eV"1 range)

mid-1010

Because of the low surface state den-
sities, we have been able to fabricate InSb.
MIS structures that operate in the charge
injection mode. The quality of the: mterface
of these devices makes possible low dark
currents, near background-limited perfor- '
mance, and a saturation’ characterlstic that
follows the theoretically expected storage
capacity of an MIS capac1tcr “Adetailed:
analysis of the interface’ propert1es based :
on conductance measurements agreed well

with theoretical models
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Figure 2., Gm/w - Voltage Characteristics of InSb MIS Structure.
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Figure 3. Surface State Density (1~'1‘S s) vs Surface Potential (qbs).
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Fisure 4. Surface State Time Constant v Surface Potent1a1 :
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Figure 5. Thermally Generated Conductance (G ) vs
Reciprocal Temperature (1/T).
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Figure 6. Saturation Characteristic of N-type InSb CID (N
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RELATIVE RESPONSES (ARB, UNIT)
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Figure 7. Spectral Response of N-type InSbh CID (NDu 5% 10 cm_3).
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