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b) Noise at grain boundaries. We found devices with grain boundaries to

be noisier than those without it; in our geometry the difference was
a factor 4.

c) Noise generated at the surface versus bulk noise. We found the noise

to be more variable from samp le to sample than bulk noise permits.

We also showed by a direct experiment (MIS devices) that the flicker

noise was surface generated.

d) A modulation technique was developed for discriminating between noise

sources, but was not used in the experiments under (c).
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CHAPTER I. iNTRODUCTION

Mercury Cadmium relluride , deno ted by Hg
1 

Cd Te , is a

Zinc—blende semiconductor whose band gap is a function of alloy

composition x. The band gap varies from the “negative gap” of

H gTe (~ —O.O3 eV) for  x=0 to the wide band gap of CdTe (~ 1.5eV ) for

x = l .  This sys tem is a t t r a c t i v e  fo r  i n f r a red  detector app lica t ions

because the composition can be adjus ted  to y ie ld  de t ec to r s  wi th

the desired wavelength response. The compositions used in this work

are x~ O.2 and x~ O .4 corresponding to wavelength limits at 77°K

of 14p and 3p respectively.

• The main objective of this research wis to identify the

mechanisms responsible for low frequency noise (1/f noise) in

n—type (Ug ,Cd)Te. NcWhorter’ developcd a mod~ 1 for 1/f noise in

semiconductors based on the existence of surface traps. He

propo sed tha t f luc tua tions in the cap ture and release of bulk

electrons at these surface traps will produce fluctuations In

the bulk elec tron concen tra tion and conseq uen tly in the conductivity.

When a steady current is passed through the semiconductor sample ,

the conduc tivi ty fluctuations will appear as voltage across the

samp le terminals. To obtain the 1/f frequency dependence of the

noise power from these fluctuations . Mc~Thorter assumed that

e1ectro~ tunneling is the mechanism h” which bulk e lec t rons  are

released from the surface traps. He further assumed that the

si-niconductor surface layer has some finite thickne~ s and that the

1 
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traps are uniformly distributed over this thickness. The tunneling

probab iUtv depends exponentially on the distance ove r which

tunneling must occur. Consequently ,  a distribution of lifetimes

is obtained which leads to the characteristic 1/f frequency

dependence for the noise power.

Based on 1/f data for a variety of semiconductors , Hooge
2’3

has recently proposed that 1/f noise is a bulk phenomenon . By

studying 1/f noise of concentration cells , chermocells and Hall

vol tage4’5, he and his co—workers have shown that what is actually

fluctuating is the carrier mobility rather than their number. No

model has been p ropos ed for  such mobili ty fluc tuations .

Van der Ziel
6 
has shown in detail , wha t was al read y imp lied

earlier by Klaassen 7, tha t Hooge ’s experimental formula for the

flicker noise in semiconductors could also be derived from a

surface model. Verify ing l~iocge~ 5 experimental  f or o u l d  is the re fo re

not a sound criterion for bulk flicker noise; rathe r Fonte more

detailed measurements are needed to settle the question whether

the flicker noise in (Hg ,Cd)Te is a surface or a bulk effect.

The specific problem addressed in this work was to determine

whether 1/f noise in n—type (llg ,Cd)Te is a surface effec t or a bulk

effect (Chapter VIII). The experimental devices used to accomplish

this task were Metal—Insulator—Semiconductor (MIS) structures. By

app lying a voltage between the metal (gate) electrode and the

semiconductor , the surface condition can be changed between accumu—

lation , depletion and inversion . It wi~i fel t that th i s will

modulate any surface generat~-I noise and so onc can discriminate
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between bulk noise and sur face noise . Noise measurecent s  performed

on several MIS devices indicated that the 1/f noise in these

dev ices is independen t of the field plate (gate) voltage while

the thermal noise increased as the surface condition was changed

f rom acc umulated to depleted . We concluded from this that 1/f

noise in these devices , and In (lIg ,Cd)Te In general , is a surface

phenomenon rather than a bulk phenomenon as explained in detail

in Chapter VIII.

The ef fec t of grain boundaries on 1/f noise in (Hg ,Cd)Te

was also studied (Chapter VI). It was found experimentally ,  that

grain boundaries in the tested devices increase the i/f noise by

a factor of 4 over 1/f noise measured in case of no grain boundaries.

This was explained in terms of Bess’s
8’9 f indings tha t disloca t ions

give rise to excess noise over and above the “normal” flicker noise

(1/f noise).

The third study we carried out (Chapter V) was that of the

effect of “poor ” contacts (excess noise contacts) on 1/f noise in

(Hg ,Cd)Te. It was found that a “poor ” non—current carrying noise

measuring contac t will not affect the device 1/f noise while a

current carrying poor contact will generate excess noise over and

above normal flicker noise of the device. The amount of this noise

depends on the polarity of the current . A carrier Injection model

for  the poor contac t was proposed to exp lain our experimental data.

This study was not performed in great detail since the making of

“good” contacts is not a very difficult task .

F inall y ,  a method to discriminate between different noise

sourcci-i b y modula t ion  t e c h n i ques was discussed (Chapter I V ) .  This

.- - - — - -
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technique was shown to be very useful at high frequencies and low

current where tht~rma1 noise is 
dominant over 1/f noise and genera—

tion—recoinbirtatiOn (g—r) noise.

A detailed description of all detectors used in this 
research

Is shown in Appendix A. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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CHAPTER LI .  EXPERIMENTAL TEC HNIQUES AN1~ EQUIPMENT

In this chapter  the experimental procedures of detector

fab r i ca t ion  are considered in de ta i l .  The d .c .  noise measurement

principle and technique are al so described .

2.1 Crysta l  Processing and ~~~ p le P~~~~~ra t ion

Crysta ls  of Hg 1 Cd Te were obtained from Honeywell Research

Center , Bloomington , Minnesota as slices of about 2mm in thickness

and 10 x 10 mm in area.  The crystals  were n—type  with x ei ther

~0 .2  or ~0.4 corresponding to a band gap of 0.09 eV and 0.41 eV at

77 °K respectively.  Some of the crys tals con tained grain boundaries

and were used to stud y 1/f noise at grain boundaries .

D i f f e r e n t  samples were prepared to stud y contac t  1/f noise ,

grain boundary 1/f noise and , surface and bulk 1/f noise . The

detailed preparation of these samples will be described in the

appropria te chap ter , while here we will describe the general

technique.

The technique of sample preparation consisted of the following

step by step procedure:

1. The crystal slice was lapped with l2~i grit on glass.

2. The slice was then polished with 0.3p grit on micro

cloth (10—15 mm .).

3. The polished slice was etched repeatedly in a solution of

5 parts by volume of bromine and 95 parts by volume of methyl

alcohol (etching rate was 2h per 3 sec.). The total etching time

S
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was ~l5 sec.

4. The etched slice was epoxied to a well polished

germanium substrate. (The epoxy used was Scotch Cast 504 electrical

resin manufactured by 3M Company which was cured overnight at 65°C.)

5. The top side of the slice was prepared by lapping and

polishing as in steps 1 and 2 until the thickness of the crystal

slice was about 3Op . Then it was etched down to a thickness of

about 20ji.

6. The crystal was coated with watch crystals cement. (The

cement used was C—S Hypo-Tube Cement manufactured by Germanow Simon

Machine Co., Rochester , N.Y.). The detectors were then cut in

proper shapes by a 5 mu wire saw.

7. The individual detectors were cleaned thoroughly in

methy l alcohol , then etched down to the desired thickness.

8. Three different methods were used to make ohmic contacts

to (Ilg,Cd)Te detectors:

i) The first method was by soldering gold leads directly

to the top of the sample using Indium (In) as the

soldering material. A very fine In soldering iron was

used so that the contact had a diE.meter of about 10

mils. (Fig. 2.la). This method consistently showed

very low con tact noise and was used wh en a well

defined contact geometry was not required .

ii) In the case when a well defined contact geometry was

necessary, e.g. contact noise study or grain boundary

noise study ,  ohmic con tac ts were made by evapora ting

In on the detector (e.g. see Fig. 2.lb); then gold 

~~~~~~~~~
-- - -

~~~~~
- —~~~~~~~ - - ~~-~~~~~~~~~~~~~~~~~~~ -- - - - -~~~- ----—-
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IN SOLDERING CON TACTS
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(a) DETECTORS 5661 AND 5663 (THICKNESS ~~3.5~~)

EVAPORATED IN CONTACTS

I O m I I~~~
bLoi 02 03 04 05 06 07 ~~Imm

45m 1 1 -e’1

(b) DETECTORS 9746—P5 , 9747—P5 AND 9748—P5

USED FOR CONTACTS STUDY (THI CKNESS ~ 23~i.)

FIG 2. 1 DETECTORS FINAL DIMENSIONS

_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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leads were bonded using silver epoxy (Acme , E— Solder

Nc. 3021). This method was also consistent in showing

very low contac t noise.

iii) rue third metho rl was similar to the second excep t that

the gold leads were bonded to the In contacts using

silver paste. Such contacts always gave excessive

noise . They were used to demonst’rate the effect which

excess noise contacts might have on the i/f noise of

the detector.

9. Each detector was mounted on a “T08” IC header using G.E.

varnish. The gold leads wc~-o soldered to the IC header p ins using

In solder.

Since mos t of the noise measuremen ts were taken at 77 °K , the

de tector was mounted in a me tal dewar , while its contacts were

connec ted to BNC connectors for easy access (Fig. 2.2). The dewar

was evacuated to 2xl0 4 Torr , then cooled to 77°K using liquid

nitrogen.

2.2  Noise Measurements

2.2.1 The Princ~~~~ of Measurement

We are interested in evaluating the random f luc tua t ions  in

the value of a ph ysical variable X; X may be the voltage or current

in an electronic device , temperature  of the device or any o ther

variable . Random var iables  X ( t )  can be cha rac ter i zed  on a s ta t i s t i -

cal  basis. One way is to cha rac te r i ze  them by t h e i r  averages , the

most important  being the average value X and the mean square value

X
2
. Often X is zero and then the most s i g n i f i can t  quan t i t y  is X 2 .

If X is not zero then one introduces (X—X) as a new variable; the 

~~~~ - -~~~-~~~~~~~~~~~~~~~~~~~~ - - -—  ~~ -~~~~- - ~~-- — - -~~~~~~~~~~~~~~~ - - - ~~~~-~~~ -
—
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s ignif i can t average i~ then the “ariance of X(r) , def i ned as

- --- 2(X — x) ~ = X — ( X )  (2.2.la)

Host of the significan t noise sources give rise to fluctua—

ting quan tities tha t have averages and mean sq uare averages tha t

are independent of time . Such random variables are called sta-

t ionary random variables.

Now, in general  the Four ier transfor m of a rand om var iable

X( t ) may be spr ead over a very high frequency range as is indeed

true for white noise . However , the electronic circuits like ampli-

f iers and quadratic detectors ‘~hich must be used for measurements

on X(t) have finite bandwidths. Therefore a Fourier analysis of

X(t) i- needed to understand what really is being measured. One

can write for X(t) in the interval 0 < t < T,

X ( t ) 
nb 

a
n 

exp (jw t) (2.2.lb)

whore

2ir n
= -i--- , n = O ,~ 1,

. 2.

and

a 
~ J X(t) exp(—ju t) dt (2.2.lc)

0

The spec tral densit~ S
x
(f) of x ( t )  is then defined as

Sj f )  = Un 2 1 a a* (2.2.ld)

wlu~ re’ the aster i sk denotes the cemp L ox conjugate .
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10According to W i cn cc — K h in t c h in e  theorem

S
x

( f )  = 4 
J o 

X(t)X(t+s) cos us ds (2.2.le)

By inversion , Eq. (2.2.le) reduces to

X(t) X(t+s) J S~ (f) cos us df (2.2.lf)

In calculations one usually evaluates the autocorrelation

function and determines S
~~
(f) with the help of Eq. (2.2.le). In

maasurements one determines S
~~
(f) and evaluates the autocorrelation

function using Eq. (2.2.lf). Putting S 0  in this equation

x
2
(~i~ J W S

x
(f) df (2.2.lg)

thus the mean square value can be obtained by a simple integration

once S
~~
(f) is known.

In the actual measurement , the stationary random signal X(t)

is applied to the input of an arbitrary linear system (an amplifier,

for example) with a transfer function g(f). Let ‘1(t) denote the

signal coming out of the system. If Sx( f )  and S~~( f )  are the corre-

sponding spectral densities and x and y the Fout ier coefficients ,

then

y~ x~ g(f) (2.2.lh)

or

S~ (f) = S (f) jg(f)~
2 (2.2.li) 

- - - - - - - -— -~~~~~~~~~~~~~~~~~~~~ -- -
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~~ing Eq. (2.2. Eg)

Y ( t )  = S (f) jg (f)j
2 

di

If the linear system is an amp lifier , then Y
2
(t) can be

measured with a quadratic detector . If the amp lifier is sharply

tuned at the frequency f , then the measured value of Y
2
(t) yields

S ( f )  almost iumnediatel y. Since the amplifier is sharply tuned ,

S (0 S ( f  ) over the pass band of the amp lifier so that
x x 0

Y
2
(t) = S(f ) J g(f)~

2 df

S ( f ) g
2 B

ff 
(2.2 .lj)

where g = c’(f ) is the midband response and B - is the effective
0 0 eff

bandwidth of the system , defined as

B
e f f  

= - 

~ J g ( f )~~ df (2.2.1k)
0

rhe value of g and B f f  can easily be determined with the

~h-l p of a signal generator. Consequently , S(f ) can be evaluated

as soon :15 Y
2(t) has been measured and g and B f f  determined .

2 . 2 . 2  ~1e i s l i r j f l~, Et1uu 1 pm~~~

-rho .- I’ c r i i , n t a l  setup used for the  low frequency (10 Hz to

[00 KI L~ ) no i s&- rieasurments is shown in a block dl agr.-lm in Fig. 2 .3.

It ~-euus tsts o~ a wide hand preamplifier made with low noise PNP

sf1 icon t r nus I t ors and shows a very low equivalent input noise
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Is

re.~ is r rn ~-e ( d ~o’it .~0 eh~ :; at 1(1 Ii:’ and above) . I t  has an input

tmp e (I an ce  of abeklL 2 K. ( ~i ~. 2 .4 )  . AUOtIIC r p r e a m p i I fter (Fig. 2.5)

w i iii an i i lp ut  imp e d a nc e  of  abou t  2 ~L. ~ as iuace us ing low noise

J F E T S .  I t s  eq u i v a len t  input reoistance is about 600 ohms at 100 lIz .

These two preamp lifiers were enough to -over any proc tical impedance

level of (lIg, Cd)Te detectors.

T h e  ou t p u t  of the preamp lifier was f ed  it~t o  a tuned  amp l i f i e r

w h i c h  is a modified version of General Radio model 1232—A tuned

amp lifier. This wa s followed by a batid pass filter model 310 CR ,

made i y Krohn—tIite , w h i c h  was followed by a squaring and then

t v e r : I c ; i n q  circuit s (Quadratic detector)

A :ross—correlator circuit was used 10 the quadratic detector

in our system. Figure 2.6 describes a correlation measurenent

setup ; it is generally used in noise measurements to avoid the

problem of nin ~~1 i f i er  n o i s e .  ih i e  noise si :;ual from the dev ice  under

t e s t  is fed  i nt o  two parallel channels where the si gnal is amplified

and fil tered. The two s ignals v
1 
and v

2 
are then fed into a

m u l t i p l i e r  wh ose o u t p u t  is p r op o r t i o n a l  to the p r o t h c t  of in s t a n t a -

neous values of v
1 

and v
2
. ibis product Is p:isocd through an

averaging circ uit which gives v
1
v2. Du r i tg t h e  l v - r l g i n g  process

the noises assoc iated with two amplifier :; hisa~ peor because they

are uncorrelated whereas the noise si gn~ l t o  he m o o - a i r e d  is r e t a i n e d .

‘Ihis c coos—car relator can be uo~ ;l ao a quad r a t  ic de act or by feeding

the signa l into both inputs o! the m u lti p i i r; to do :;o the  sw itch

S1 is put in pos it ion  1 as shown in Fig. 2.7 w h i c h  d e a - r Ib is the

actual cross—correlator system . I n  th is svst ’n: t h e  amp lifiers

consis t at  SigmetLs !A7O~) oper at ional anp li I t -ro with a gain of 10.

_ _  _
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424K is a high accuracy wideband multip lier made by Analog Devices.

It uses a pulse—width/heigh~t tcchnique to develop the multiply

func t ion , which results in a very hi gh accuracy , excellent linearity

and temperature s tabi l i ty. The averaging c i rcui t  consists of

another ~A709 operational amplifier used as an integrator. Its

RC time constant can be varied over a range (0.2-20) seconds.

The integrator output is displayed em a d.c. microainmeter. At

measurements of very low f r e q u e n c y ,  it was found that the fluctua-

tions usually make it hard to read the meter deflections ; i.e. a

longer time constant was needed. By using a chart recorder , the

same time constant s t i l l  can be used while the visual inspection of

- j the recorder trace allows the fluctuations to be averaged over any

desired period . An Esterline—Angus recorder driven by a d.c.

amplifier was used for this purpose.

The calibration source in Fig. 2.3 consists of a sinusoidal

signal supplied by a CR type 1310 oscillator (2Hz to 2M}Iz) with

a precision attenuator.

2.2.3 Neasurement Techniques

2.2.3a Calibration of the noise measurement ~ystem

ermi of B ff
)

First , the system effective band width (defined by Eq. 2.2.1k)

is determined at different tuned frequencies f .  This was done by

sweeping a sine wave signal around f to the input of the preampli-

fier. The output reading of the d.c. microainmeter can now be

p lo t t ed  versus the signal f r equency , and i t s  area can be measured

using a planirneter. The division of this area by the response at

f y ields the value of B . Typical results of these measurementso e f f  
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are shown in Fig. 2.8 for f = 1KHz.
0

Next , the performance of the system is tested by measuring

the thermal noise of wirewound resistors , which have white noise ,

at different frequencies through the range of interest (10Hz —

100KHz). Typical results of these measurements are shown in Fig. 2.9

at f 1KHz where V
2 

= 4KTRB is p lotted versus R. The curve
o eff 

— —

2
is linear and its slope gives the value of Beii(~ I~~R~ 

which shows

a good agreement  w i t h  the value measured above .

2. 2 . 3b Noise measu remen t  procedure

Figure 2. 10 describes the equivalent circuit for the noise

measurement of the device. The preamp lifier noise is represented by

a series e.m.f. / V
2 . Tile main am p l i f 4 er and the rest of the

measur ing  sys t em have been assum ed to be noiseless since their

noise contribution is negligible compared to / V 2 . The device

noise is represented by an e.m.f. / V~ . R is a wirewound resistor

and it is assumed to be noiseless since its contribution is negli-

gible as compared to /

Let the measuring system be tuned at frequency f with band-

width 8
eff 

and gain g(f). For every noise measurement , the quad ra t i c

detector output N, read by the d.c. microaruneter , indicates a noise

power such that

M m 
f 

S ( f )  g ( f ) 1
2 

df (2.2.3a)

where S (f) is the spectral densi ty of t ime  i i  a vo1 tage V across

the two input terminals of the system. Assuming a s m a l l  bandwidth ,

(2.2. 3a) can he rew ritten as

--- - - - -

~

- ~~-- - - -~~~~~ ---~~~——--- - - -~~~~ ~~- -~~~~~~~~~-- - -~~- ---- ~~
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M a S ( f ) g 2 B -
V 0 0 e f f

therefore -

M = K V
2
g
2

where K is a constant. Now , three measurements are required to -

2 -obtain V or S (f)~ The first measurement is taken with SW], 
-IJ V

D
open and SW2 in posit-ion 1. Thea the meter reading is -

= K g2 V
2 

(2.2.3b) -

Measuremen t 2 is taken wi th SW~ open and SW2 in position 2, therefore -

K g
2 (V2 + V~) (2.2.3c) -

Measurement 3 is taken with SW1 closed and SW2 in position 2, 
-

yielding

M
3 K g2 (V2 + V~ + V~) (2.2.3d)

where V is given by,

RV = — vS R
1 S1

Solving (2.2.3b), (2.2.3c) and (2.2.3d) and using the relation

= 
V B

eff 

- ------ - - -~~ --
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we get

f - 
l v2 R 2  

M
2
-M

1
— 

3eff  S
1 ~~~ 

H
3 

— H2 

— - - - --.-- - - —- -—“- -—- ---- — - - ~~-
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CHAPTER III. BASIC NOISE SOURCES ~N PIIUTOCONDUCTIVE DEVICES

In this chapter , the three basic no i se sources in photo—

conductive devices that are operated at low light levels, and to

which a d.c. bias current 1
0 

is applied will be discussed briefly.

They are : 1) Thermal noise ; 2) Generation—recomb ination noise;

and , 3) 1/f noise. We consider here an n—type photoconductor of

leng th L and assume tha t the  thermal genera tion and recombina t ion

processes give rise to band to band transitions.

3.1 Thermal noise

it  is due to thermal ag itat icn of carriers in the samp le.

Its vol tage spectral densi ty  is given b y ,

[S ( f ) ]  - 
~XTRv thermal o

L2 
_____= 4KT e(N p + P  p )

o n  o p

whete = the sample dark resistance ,

N (P ) = the total number of electrons (holes) in the
0 0

sample,

p (p )  the electron (hole) mobility and

L = the detector length .

27
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3.2 Ceneration—rccomhthation noise

This is cause~I by spontaneous fluctuations in the generation ,

recombination and trapping rates of the carriers , thus causing

fluctuations in the free carrier densities . Since electrons and

holes are assumed to appear and d isappear  in pa-irs (band to band

transitions), hence

= LIP

whe re - ‘ N aod AP are f l u c t u a t i o n s  around the equi l ibr ium values

N and P r e spec t ive ly .  The f l u c t u a t i o n  \R , in the resistance
0 0

is therefore

2e (p  + ~ )R
= AN

L

The correspond ing fluctuation in voltage , LIV , is

LIV = LIRI
- 0

2e(p  + p
n ~~~~~]I AN
L
2

and hence the voltage fluctuation due to g—r noise has a spectral

density

2e(p  + p )R 2 21 S ( f f l  = I —r—~ 
~ 1 1 SN

(f)
g—r

where S
N
(f) is the spectral density of AN , 
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No~i it fo l lows  easily f rom the t heory  of g— r  n oi se
11 

that

2

S
N

( f )  = 4g(N ) — ---i (3.2a)
°

0

where g(N ) is the thermal generation rate and T is the lifetime
0 0

)f added ca r r iers , so tha t

2 2 2e(p + p )R T I
[S ( f ) 1  = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4~~(~~~) ——

~~
--

~
-

~~
-—

~~
-

g-r L l + w  r
0

K
1 

~ + 
(3.2b)

The g—r noise spectrum of detector #5661 is shown in Fig. 3.1.

The : i gure ind ica tes  t ha t  the car r i e r  l i f e t i m e  f o r  th i s  d e t e c t o r

is appro x i m a t e ly  io
_8 

sec. One can see from Eq. (3.2b) that the

g—r noise for these devices is expected to vary proportionally to

r
2
. Fig. 3.2 is a plot of g—r noise vs. current I for the same

detector. It is obtained from high frequency measuremen t s  and

shows a very good agreement with Eq. (3.2a) i.e. an t
2 
dependence.

1.3 1/f Noise

When a direct current passes through a photocoaductor material ,

an excess noise is observed over and above the previously mentioned

noise sources.

Th~ basic feature of this noise is i t s  f re q uen c y  s p e c t r u m ,

slio~ n Im ~ Fig. 3.3 for detector ~5661, which is of the form

where ct is close to unity (hence the name 1/f). Tts dependence on



________________________ -— - —- ---- - — - -~~~~~~ - —  - — —  - -— - -

30

Sv ( f )( p.V 2/H Z )

‘°~~~~

T 770

X 0.2
I 5ma

I
II: T T

~~~~~~~~~~~~~~~~

7 —

~~

-

~

-*

lOOK IMEG IOMEG IOOMEG
FREQUENCY (Hz)

FIG 3.1
g—r NOISE SPECTRUM FOR DETECTOR 5661



- a- - -  -_ 
~~~ ~~~~~~~~~~ -~~ 

-----fl —- -  —_- --- -- — 

~~~~~~~~~~~~~~ 

- - __

31

Sv( f ) (
~ v) 2/Hz

T=  77°K
f 100KHz /1
X = O . 2

1O 6 _

THER ?V~AL NOISE

S~
( f ) aI .99

0 g-r NOISE + THERMAL NOISE
x ~g- r NOISE

0.1 1 IO mO

FIG 3.2 g— r NOISE VERSUS DC CURRENT FOR DETECTOR 566 1 

~~~~~~~- - - - - - - - - - - - - -  - - --~~~~~~~~ - -~~~~~~ -~~~~~-- ---



~
‘ “ 

~~~~~~~~~~~~~~

32

S~
( f )(1Lv)2/ H z

I I

\5ma T = 77°K

\ 
X = 0 .2
a 0.97

ma
—

Ima

i~~~
-

~~~ 

_‘\q~ —

O.5ma

x
x

— O.I5ma —

x

iO 6 _ —

x
0 X

x 0 0

1=0

I I I
0.0I 0.1 I 10 fKHz 100

FIG 3.3 I/F NOISE SPECTRUM FOR DETECTOR 5661 

---- ---~~ 



33

the current Is found to be proportional to the square of the steady

current (Fig. 3.4); then 1/f noise may be considered to be due to

conductivity fluctuations , which in turn are caused by the fluctua-

tion in the number of carriers (surface model) or their mobilities

(bulk model).

3.3.1 McWhorter ’s surface model for 1/f noise

The simp lified model for a semiconductor surface is illus-

trated in Fig. 3.5. It consists of four regions.

a) The semiconductor bulk , shown as n—type .

b) The surface space charge region , shown as dep letion region .

c) The interface region be~wcen the semiconductor and its

oxide.

d) The semiconductor oxide film.

There are surface states associated with regions c and d. The

states that occur at the interface proper are referred to as fast

states , in that they can communicate with the semiconductor bulk in

a rapid manner and must reside within a few angstroms of the semi-

conductor surface . The states occuring in the oxide layer are

referred to as slow states. They communicate with the bulk by

tunneling through the insulation or by thermal emission over the

barrier indicated in Fig. 3.5.

McWhorter
1 developed a model for 1/f noise in semiconductors

based on the existence of the slow surface states. Fluctuations

in the capture and rt leaae of bulk e l ec t rons  by t h ese s ta t e s  produce

fluctuations in the bulk elec t ron c o n c e n t r a ti o n  and con sequen t ly  in

the conductivity.

Suppos e the  number  N o~ carriers in the semiconductor samp le

_____________ ~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~
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fluctuates by an amount AN due to communication with these states

and that this fluctuation is governed by a single time constant t

i.e. only one type of slow surface states is present. Then , it is

eas ily seen that the auto correlation function is
12

AN(t)AN(t+s) = AN
2 

exp (-. !)

By applying the Wiener—Khintchine theorem we obtain for the spectral

density of AN

S
N

(f) = 4 A N 2 T

1 + w  •t

Now the voltage V across the sample at a given current I is

proportional to 1/N. Hence , if the subscript o refers to equilibrium

values , the voltage fluctuation is

A V =  —
~~~~~~~~ AN

which has a spectral density

V
S (f) = (

0
)
2 
SN

f

V AN
— / 0 

_ _ _

‘

~ 2 2 2
N 1 + w  r

0

Next we put AN
2 

= 6(N0
) N , whe re ~(N) is a measure for the



- ~~~~~~~~~~~~~

37

effic iency of the interaction between oxIde states and free

7,6 -carr iers ; (N) may be a slow function of N .

To obtain the 1/f frequency dependence of the noise powe r

spec trum , we assume that e1ec~ ron tunneling is the mechanism by

which bulk electrons communicate with the oxide states. Since the

tunneling probab ility depends exponentiall y on the distanc e x over

which tunneling must occur , the dependence of r on x may be wri tten

T = i exp (ax)

where a is of the order of 108 cm’
~
’. We now assume a uniform trap

distribution in x for x
1 

< x < x2 ; usual ly x1 
= 0. The normalized

distribution function is then

dx
g(x) dx = — for x1 < x < x

x
2

— x
l ~1,

g(x) dx = 0 otherwise .

The corresponding normalized distribution In T is therefore

g(t) di = 
1 nT 2/ 11

) for < ~ < 1
2

g ( r )  di = 0 otherwise.

where = -r exp(nx
1
) and 1

2 
= i exp(a x ,). Therefore by averagi ng

S (f) over all i ’s yields

L _ _  
_ _ _ _ _ _ _ _ _ _ _



38

4 ~(N )
[S (f) J 1/f 

= 
N0 ln (t

2 / r 1
) f 2  

~~+
2 2  T

4 6 ( N ) v 2
________________ —1= [tan ur

2 
— tan ur

uN ln(r
2
/-r
1
)

which reduces to

~(N ) V2
[s ( f ) ] 1/f = 

f N l n ( r
2
/1
1
)

= j~
- -

~
-
~~~ for < w < 

~~~~ (3.3.la)

where C
1 ~3(N ) / [ 1 n ( - r

2
/-r

1) J .  Since V = I R  , (3.3.la) can be

wri tten as

C R2 i2
1S ( f ’~1 = 

1 o ~L v’ ‘i l/f N f
0

= K
2 ~~ for 

~
-4 < u - -i- (3.3.lb)
2 1

F It should he noted that Eq. (3.3.la) contains the factor

6(N ), wh ich is proportional to the trap density, which in turn is

proport tonal to the ;~ir face state density.

L _ _ _ _ _  -
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2,3Formula (3.3.la) has been interpreted by Hooge as a bulk

effect (see next section). We see, however , that under our assump-

tions it also can come from surface effect. The derivations of

(3.3.la) assumes that the surface is uniformly active . If that is

not the case , the factor C1 
must be slightly altered because 6(N )

will differ for different surface elements. Let us assume that the

active part of the surface has 6(N ) 6’(N ) and that the inactive

part has 6(N ) =0. Let us further assume that the fraction S of the

surface is inactive . Since in the derivation of (3.3.la) we average

over all surface elements , we have

~3 (N ) = 6 ’ (N) (l—S),

so that
6’ (N ) (l—S)

C = ° (3.3.lc)ln(r
2

/ r
1
)

For S=0 this reduces to . . .~~~, since now 6(N ) = 6 ’ ( N ) throughout .

Such a situation could occur if part of the surface was fully

depleted . The electrons of the bulk would then be unable to reach

that part of the surface , and for this reason , that part would

become inactive . This effect will be considered in more detail in

Sec . 8 .4 .

3 . 3 . 2  Hooge ’s Bulk Model for 1/f Noise

Based on 1/f noise data for a variety of semiconductors , Hooge

has proposed that 1/f noise is a hu lk phenomenon2’3. He arrived at

the following emp iri c al expression for the 1/f noise power spectral

density S (f) , 

-~~~~~~~~~~~~~~ _________
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K V~ K
[S (f)1 1/f = _____ = 2 ( I R ) 6 

(3.3.2a)

with 6 const. 2

a E coast. 1

and K
2 

is an emp irical coefficient given by

C —3
K2 N 

2 2x10 
(3.3.2b)

total total

where N = n Lwt is the total number of the carriers in the
total o

sample , L, w and t are the leng th , width and thickness of the sample.

The fact that the experimental results of 1/f noise studies

on homogeneous samples can generally be expressed by the simple re-

latIons (3.3.2a and 1’) shows that 1/f noise is essentially a bulk

effect and excludes surface effects as the main source of 1/f noise.

In other words , relations (3.3.2a and b) show that 1/f noise is not

some spurious effect due to accidental impurities or imperfections ,

but that it is a systematic effect inherent in electrical conduction.

By studying 1/f noise of concentratio~i cells, thermo cells and

Hall voltage ,
4’5 Hooge and his co—workers have shown that what is

ac tually fluctuating is the carrier mobility rather than their number.

No model has been proposed for such mobility fluctuations.

_ _  --  -~~~~~~~~~ -.



CHAPTER IV. NOISE KEASUREMENTS OF (Hg ,Cd)Te DECTECTO R S BY AN

A.C. MODULATION TEChNIQUE

It was shown in Chapter 111 that both the g—r noise and 1/f

noise in photoconductive devices vary proportionall y to the square

of the steady current. This, along with the fact that thermal

noise is independent of the current , made it possible to develop an

a.c. modulation technique to discriminate between these noise

sources.  This technique is very useful at high frequencies and

lOW current where thermal noise is dominant .

4.1 Technique

In the prop osed scheme , Fig. 4.1, the detector bias is modu—

lated by a signal I + I cos urat of low f req uency f , say 5Hz.

The flicker noise and the g—r noise are then modulated by this l.f.

signal , whereas the thermal noise is not. By first amplifying the

noise using a sharply tuned amplifier at a frequency f
1

(f
1
>> f )

and then de tec ting it normally,  the output of the detector is

modulated in the rhythm of the l.f. signal of frequency f .  This

modulation is de tec ted by a phase sensi t ive detec tor , but , since

the thermal no ise is no t mod ula ted , it is not detected .

Let the ~-r noise and the I/f noise of the (H~~,Cd)T e de tec tor

be represented by a fluctuating resistance ~R and let the thermal

noise of this detector he represented by a fluctuating e.m .f. dv ’.

Hence , v
1
(t) is given by (see Fig. 4.1).

41
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~~~~~~~~~~~~AMPLE Lr~~
i
~~~~~~~~~

Io +Im c0s~~m t (j~._) [~_j R+8R 
(TUNED AMPLIF IE R)  

V2 (t )

L__ ~~~~~~~~~~~~ 

8v ’ 

M~ (
~~~~~~~[~~~~~~EcTOR

‘
~~~.__t A

~~
A G I N G

A<2f m

~~~~~If m SWI I N POS I

1LZ f m SWI IN POS 2

(BAND PASS FILTER 5Hz, 10Hz )

SW I
COSu) mt °  ~~~~~ ~~~~ AVERAGING M Mb, M C

2 CORRELATOR
COS2W m t 0~ (MULTIPLIER)

FIG 4.1

NOISE MEASUREMENT BY LOW FREQUENCY MODULATION SCHEME 
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v1
(t )  = (I + I cosw t) (R + oR) + Ov ’ (4.la)

If ~~(f) is the voltage gain of the amplifier and B is its

effective bandwidth , where f >>B > 2f , then the noise v (t) at the1 in 2

output of the amp lifier is

v2(t) = (I + i
m
COSwjnt) OR(f1

) g~ (f
1
)

-4- Ov ’g(f
1
) (4.lb)

I f  the amp lifier is sharply tuned at f1, i.e. B<<f1, the

‘~~ t~~) !~~t of tJie q u a d r a t i c  de tec tor  and averag ing c i rcui t  v
3

( t )  is then

v
3
(t) I~ v~ ( t) = (I + 

~~ 
c0
~~~

t)
2 

~~~~~~

2Blg (f 1) j

+ Sy , ( f
1).BIg~

(f
1
)~~
2 

(4.le)

where S
R

(f
~
) the spectral density of fl~i .:tuation OR at and

S ,(f
1
) = the ~;pectra1 density of the device therma l noise.

Using the Identity cos
2
u t  = ~fl + cos2~~ L) we can rewrite (4.lc)

as 

---- - - - -  -~~~~~~~~~ -- -“- -~~~~~~-—~~ ~~~~~~~~~ --~~~- - - ------- ~~~~ --- --~
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v
3
(t)ct[I

2 
5
R 
(f
1

) + S , + ~~ S~~(f 1
) ] I g (f

1) I 2 .B

+ 2 I I  S~~(f 1)lg (f
1
)~~

2 
B cosw t

+ ~~- i2 
S~~(f

1
) I g  (f

l
) 1

2 B cos 2w t

(4.ld)

We now have three methods of measurements ,

a)  Di rec t  measurement , I = 0:
In

Eq. (4 .ld) gives

i
2 

S~~(f
1
)~~g (f1

)J2 B + S ,(
~1
)
~~
g (

~1)I 2 
B

b) ~e.i~-;t t rernent with phase—sens i t ive  de tec tor  at f r equency  ~j :  -:

In this case tli ~~ band pass filtec will be tuned at

= = 5 h z  ( F i g .  4 .1 )  while Swi will he in position 1,

hence

v
4
(t) a 2 ‘o n  

S~~(f
1 )Ig 

(f
1
)~~
2 B cos~~ t

and the meter reading M
b 

is

Mb ~~ 

— 
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c) Measurement with phase—sensitive detector at frequency Zu
~~
:

This case is similar to (b) except that the band pass

filter is tuned at f 2f = 10Hz and SW1 is in position
2 in

2, hence

V
4
(t) a 1

2 S ( f ) (f)j 2 B cos 2wt

and the meter reading 
~~ 

is

M n ~~
- I S

R
(f
l
) tg

~
(f
i)i

2
B

At hi gh f r equencies and low curren t , wher e thermal noise may

be dominant , the measurements (b) and (c) eliminate thermal noise.

This modulation scheme thus has distinct advantages .

The above discu ssion is sti ll valid i f a para meter other than

the device cur rent  is modulated . A good example is modulation of

the noise b y means of a f ie ld  plate. If we apply an a.c. bias

vol tage to the p la te , the surface noise but not the other noise

sources will be modulated . hiere (b) and (c) measure ~~~y the

modulation effect but eliminate all other effects.

We were intendin g to use this method to separate hulk flicker

noise fr om surface flicker noise in (Hg,Cd)Te detector s using metal—

insulator—semiconductor structures. But , : j - ~ w i l l  be shown in

Ch ap ter V I I , the 1/f noise in the tested devi ce~1 w.is found  to he

independent of the field—p late volt i~~e , so that the m eth o d  w i l l  not

work here . 

~~~~~~~~~~~~ ~~~~--- - - - - - - --— ~~---- - - -~~~~~~~~ - - -~~~~~~~~~~~~~~~ - --
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4.2 Ca lib ration of the ~ys tern

A block diagram of the noise measurement setup using the low

frequency modulation technique is shown in Fig. 4.2. The direct

measurement and the measurement with phase sensitive detector at

f requencies  w and 2w have involved th ree  d i f f e r e n t  sys tem gains,

therefore we needed a conm~on calibration source. Here we ei:ployed

an LED light  source and a sinusoidal  signal source.

If the LED emits radiant powe r P
1 

+ P1 sincj1t , it is shown

in Appendix B that the spectral density S~~(f) of the resistance

f l u c t u a t i o n s  of the de tec to r  due to the m o d u l a t i n g  ligh t P
1 

sinw
1
t

is 2 22 4  (ur + p t )  p
S1~(f )  = ~~~~~~~~~~~~~~~~~~~~~~~~ r~ ( 4 .2 a )

(1w) e (N~~ + P~~~~) B

where K is a light coupling constant between the source and the

detector which includes reflection coefficient and quantum effi-

ciency;  N , P are the “dark” numbers of car r ie rs  and T T are
0 0 n p

the lifetimes of the added carriers.

To demonst ra te  the 1 t - : 1 s l b i l i ty  of the method , ~ e used d e t e c t o r

/15663. The change ~ R in i ts  d .c .  res i s tance  due to incident

radiant power P
1 

is In the order of l0~~ ohms , which  may be sa fe ly

neglected compared to i t s  dark  res i s tance  R 180 ohms . We also

found a good linear relationship between ~~ ( f )  and P
1 

ii~ Eq .  (4 .2a)

in the interesting s
R
(f) range , from 1O~~~ ohIn

2/}h;: to 1D ’~ ohm
2
/Hz.

This enabled us to calibrate the system by the LED 1i~~ht

source without introducing a considerable error.

Fi rs t  I was set  to zero , hen - c - t h e  o u tp u t  re - . i t l in g  of t h e

quadratic detector is

_
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Ma a i
2 S~~(f

1) I g  ( f
1

)~~
2 B + S~ , ( f 1) I g ~ (f 1) I 2 

B

Now , by ca l i b r a t i n g  the above measurement  twice , once wi t h a sinu-

soida l signal and the other time with a light source , separately,

we :an calibrate the LED light source .

W i t h  I ~ 0 , and the phase s ens i t i ve  d e t e c t o r  at f requency

W m~ 
t he ou tpu t  r ead ing  Mb is

a I l { S
R

(f
l
) t S~~(f 1

) ]~~g( f 1
)~~

2 B

while with the phase sensit ive detector at frequency 2w ,  the reading

is

M -~~ 
~ I~ [S

1~
(f
1
) + S~ ’ ( f

1
) ]~ g ( f

1)!
2 

B

where ç(f1) and ç’(f1
) are the LED calibration signals. If

Sj~(f
1

) and ç’(f 1) arc adjusted by the intensity of the LED modulated

l ight  in each measurement  so tha t  the phase s e n s i t ive det e c t o r  read-

ing is doubled , SR
(f

l
) can be determined .

4.3 Resul t s

First we measured t h e  noise spectrum of detector //5663 by

direct m e a s u r e m~-~~t ~-i th 1 =0. Fig. 4.3 shows the results of these
in

1neasurement~;. Fig. 4.4 Is obtained from Fig. 4.3 b subtracting the

therma l noise , then dividing by t h e  square of t i l e  d e t e c t  or biasing

c u r r e n t  (I =lmA ) to obtain S (f) . Figs. 6.5 and 4 .~ were obtained
o R

using the  I o~ frequc~ic v mod u l  .1 I i  si I - - n i  que  - t 5Hz and 10Hz



— -------- -- - -  —--- - — - —---- --- ,-—- —

I
49

S~(f )(~ v)~’Hz

T~~~77°
N 

X = O . 2
Im a

—

x
x

0-6 —

THERMAL NOISE LEVEL

100Hz 1KHz 10KHz 00KHz

FIG 4.3
THERMAL +g — r +  FLICKER NOISE FOR DETECTOR 5663

DC TECHNIQUE
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SR( f )(OHM 2/Hz)

I I

T =

X :  0.2

iO~~~—

x

i~ -l2 — —

K

10 13
00Hz 1KHz 10KHz 100KHz

FIG 4.4
FLICKER+g—r NOISE FOR DETECTO R 5663. DC TECHNIQUE 
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SR( f )(O HM 2/Hz)

I I

DETECTOR 566?-~
T :

X~ 0.2

i i10 — —

K

K

iO~~2 — —

i0 13
100HZ 1KHz 0KHz 100KHz

FIG 4.5
LOW FREQUENCY MODULATION TECHNIQUE ( f 2 fmz

~5Hz) 
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SR( f )( OH M2/Hz)

DETECTOR 5663
T = 77°K
X =  0.2

I0-II _ —

K

K

l0~~2~~~ —

K

10-13 I I
100Hz 1KHz 10KHz 100KHz

FIG 4.6

LOW FREQUENCY MODULATION TECHNIQUE ( f 2~ 2f m IOHz )
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r -spnc lv-~ly. S Inc~ the noise modulated sign.ii and the referc~ ce

si gnal at ch~- iu~~ut of the phase sensitive detector should be in

~‘h,i s~- , trie reteren~ c signal at 2f ~ l01Iz was obtained using a f c c —

queccy do’~hl-2r i r~~u L ~ instead of onother signal generator as shown

in Fig. 4.2. A comparison between Figs. 4.4, 4.5 and 4.6 indicates

tha t  each of the three methods gives rel iable resu l t s , and that the

discr imination between the noise sources should be feasible .

We conclude here that this low freøuency modulation method has

—I big advantage to measure the high frequency noise without inter—

fe~ er~ce by thecmal noise. In Figs . 4.5 and 4.6 the g—r noise ,

which is smaller than the thermal noise at frequencies above 20KHz,

is measured with much smaller error than that in the direct

measurement.

_ _  _ _ _  _ _



CHAPTER V. C )~ I’AC l CF1~~CTS ON 1/£ NOfSE IN (U g ,cd )r e

The purpose of this chapter is to stud y the ef f ec t of

e:~ce n s  noise (poor) non—current carrying r.nd current carry ing

contacts on i/f noise Ic. (llg , Cd) ’e detectors.

5.1 Device F a br i c a t i o n

The det e c tor s  used for th i s  s tudy  (Fig .  2 . l b ) we re prepare- i

by t h e procedures dc~ c r i bcd in Sec . 2.1.  they  we re ~ahricat ed

from a-type ( p=0 .O5~ crn ,n~ l.ixiO
16

cm
3
) (lIg ,Cd)t e crys tal ~191174—P 5

with x~- O.39. The poor contacts were made using method (iii) indicated

in Step ~~ of thi c same sect ion .

5.2 Resistance and Noise of Contacts

in devLcos having four or more contacts , some: of the contact

resistances and their noise contributions may be determined by d .c.

measurements and noise measurements respectivel~~. This will be

~1l usLrated using a four contact detector shown in Fig. 5.la. Fig.

5.lh shows ti-ic equivalent noise circuit of the detector indicating

the hulk and contact resistances , and the equivalent noise sources.

5.2.1 D.C. Measurements

It a s t e i l y current 1
1,4 

is passed between c o nt a c t s  //1 and #4

and , u s i n g  a \ i ~~ -~ , til e volt age drop between  cont acts 1—2 , 2—3 and

3— -. are  measured , we get

V
= r + r (5.2.la)

1,4 
C
1 1

54
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r (5.2.lb )

~l .4

V
= r

3 
i- r (5.2.lc)

1,4

Simi tarly

V
i -)

= r + r -I- r (5.2.ld)
I c, 1 c
1,2 2

and

V

= r + r + r (5.2.le)
13 4  c~ 3 c

4

New , f rom E qs. (5 .2 . l a  and d ) ,  r can be o b t a i ne d  whi le  r
C

2 
C

3

can he obtained from Eqs. (5.2.lc and e).

5.2. 2 Nois’- Measurements

If we pass a stead - cu r r en t  betwen contacts #1 and #4 and

noise measurements using the d.c. t.- &hni qtie are carried out between

contacts 1—2 , 2—3 and 3—~+ , we obtain

2 
= v 2 

+ 
2 (5.2.2a)

1, c
1 

1

h/
2.3 

= v~ (5.2.2b)

v 2 = v 2 + v 2 (5.2.2c)3 ,4 3 c
4

Eq. (5.2.2b) is justified In Sc-c. 5.3.

S i aili r lv , if n o ( s~ n . - : i c I l r  -r e n t s  ar e  pe r fo r -me ’ d b e t r o n cu r r e n t — S

carrying cont .c~ s 1—2 and 3—4 , we obtaJn

_ _ _ _ _ _ _ _ _  -~~~~~
_
~~-~~~~~ 

_ 
--

_
~ 

_ -- _ _ _~ -~~~--
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I : v2 + v
2 + v2 ( 5 . 2 . 2 d )

1,2 1,2 c
1 

1. c
2

2 2 2 2
I : v v ± v + v (5.2 .2e)
3,4 3,4 

~3 
3 c

4

from Eqs. (5.2.2a and d) and (5.2.2c and e) we obtain v~ and v~
2 3

respec tively.

Hence , in detectors ~ t U1 four contacts , it is possible to

sep~ ra te the “inner contac c” resis tance~~, r and r and noise
2 3

contributions , V
2 and v2 , by th~ procedsres mentioned above . In

fac t , f~ r .Ietecto:s with more than four cantar~ s, resistanCes and

noise contributions of all contacts except the end ones can be

separa ted by following siritilar procedures.

5.3 Exceriments and Results

5.3.1 Non-Current  ar~ y~~~ Bad Cont ac ts

The purpose of this experiment is to determine the effect

of “poor ” noise measuring contacts on the detector 1/f noise . The

detector (I/9747_p 5) fabric~~ted for this purpose is ~hown in Fi g. 2.1.

it had sev~ n contacts; all but contact #4 were good Contacts. The

- s t a r r~~~k~~t~~tr cL- q we re d~ termined by d.c. measurerrents (Sec. 5.2.1)

• ~~ 
r, - r i n d  t be

r , r , r , r < 2 ohmsc 2 C
3 

C
5 

C
6

r ~ l5 ohms
‘4

-- - ----

~

-- - - ~~~— —-  - ---
~~~~~~
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Co n t a c t  i 4 was sh own to be of poor property from d.c. mL .-lsurements;

l a t e r  noise m c a su r L l . t s  i n d i c a ted  an excess noise f rom this con t ac t .

We ha ve found this resu l t  to be true w i t h  several o ther  contac t s , a

high resistance contact always contributes an excess amount of noise ;

In fact , these contacts were the cause of some non--l inear behavior

in the d .c. characteristics of t h e device as will be shown in the

next secrion . From noise  m e a e nr e r n en t s  ~ t 40}h,~ (bandwidth = 6.184Hz)

and at  5mA , we get

2 2 2 2 --6 2
, v , v , v < 3.6x10 (iiV)

2 ‘ 5

2 -4 2
v 3xlO (j~V)

s i r i c i r  i nd i c :~t es  tha t  cOn t a c t  #4 con t r i bu t e s  noise two orders  of m a gni—

tid e ir i gI- ~r than any of the other contacts.

To determine the effect of this contact on the low frequency

noise of the device , the device was d.c . biased between contacts 2—6

and the noiae ne-Isurements using d.c. tcrchni q e  were p e r f o r m e d  be-

tween contac ts  3—4 , 4— 5 then 3—5. The results are shown in Fig. 5.2

(here  and In the f o l l o w i n g ,  the notation ‘a b 
used in the figures is

understood to imp ly a b ias polarity such that the current flows from

a to b. t n  the case under  c o n s i d e ra t i o n , t b - r e f o r ~ , the bias is

indicated -le I ) 
~~ 

By adding ti re two ire iee spect r a S ( f ) and
-,  V 3 ,4

S Cf ) we i l L i  m e d  the circles eliown in ti same f I ~rIre which
V -

4 , 5

cerr -- ;p ‘oi. -d very well to tire ~ - ret ired va I ties of S ( f ) . This
V

i nde ed  shi~ws t h i t  a ‘‘poor ’’ non— current c r r r v  tot ; n i  so m isti r I ug
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contac t does not affect tb~ device 1/f no ise.

5.i.2 Current Carrvio~ r~ d C~~ t~~ t~

The pui pose ci  this experL~ ont is to det- ’rrnjne t i iC e f f e c t  of

“poor ” current carry ing contacts on the detector 1/f noise. The

dete ctors fabricated for th is  purpose ( I/ 9 7 48— P 5  and 119746—PS) are

shown in Fig. 2.1; and each has seven contacts.

First , we tested detector #9748—PS . All its contacts but

contact 112 were found to be of good performance and did not show

excess noise. To determine the effect of contact 22 (poor contact)

when carrying current on the low frequency noise of the device , the

following experiments were carried out:

1. Tb0 d v  ice was biased be L w - en two hood contacts (3 and 6)

while no iso :s- -asurements us ing  the d . c .  t e c h n iq ue were p e r fo r m e d

between rr s r ; r ts 4 :r~ d 
~~~. A p lot of .5 ( lKhI~~) v e rs us  I ens obtained

~6 5
ard is indicated by curve A in- Fig. 5 . 3 .

2. iJb ile keep ing the noise measuring cantacts the sas e , the

devi ce we- bi as d between contact~s #2 and 116 . Contact #2 w used

is the  anode . A p lot  ol S ( 1KHz)  v&~csus I was ob t a  i -d and was
V
4 ~

sl i t  i i  -ir to that obtained in c-:-:pcrtment 1.

3. 1-2.:periment 2 was r~ -y c -i t d  except that contact 112 was used

as the c a t h o d e  in  this c;ea- . Again , 4 and 5 were the measmrlng

cu n Ln- t s . Fi~~. 5.3 , curve B shows the recti lts of this experiment.

T b-  r e o t I  IL; I n d i c a t e  a ~~ir ~’ -  i l l i -r e i s e  in noise .

4. : 1;; t i r e d  t I ~ th -c  I~~~ t -~- - -n co n t :ic - ;  4 and 5 w i t  I 1~ they

were carrvin ~ current . lit re War; no d i i  f , - r - i r r -  with curve A , Flg.5. 3,

Is t - x p c c  t I i  5 1  li k e trin t 1C t ~ 4 and 5 We 1’  h Ol d l i t  ic t
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F i nal l y ,  t i r e  dcv  Ice d . c  . char ic t t- r sties between cent acts

2 and 6 were measured; the results a rc  sh ow- n in Fi ‘~. 5.4. As

would he e~~) e c t ed  f r o m  tho noise measurement s , hic characterist ics

show a dependence on tir - - polarity of tire biasing current a:; indicated

by the asymme t ry of tire curve .

Detector h~)/4h— P5 W i S  tested next . D.C. and noise nicasurelnents

indic~ tcd that a ll  its s ; r t ; r c L s  r e r e  good ex c e p t  fo r  c oot a c t  #6 which

showed “very ” high re sist : tn cc  and i/f noise. The e f f e c t  of the

current carry ing had c o i r t a - t  (o f , ) on the  dev ice  i/ f  noise , measured

be t wcOu  c o n t a c ts 13— 6 , v i ;  d~~
- c r - l i  t i e d  in t Is san-ic manner -is in the

case of dot &-ctor 29748—PS , ~ud t h i s  r e su l t s  ar e  shown in Fig. 5.5.

F i g .  5.6 sIr s-s the d .c .  c har a c t  cri st Ics of detector 2974b—P5 which

s c r e  measured between c o n ta c t s  2 and 6.

D i s cu s s  ion  o f  R e s i n  t s

As would  be e x p e c t e d  f r ee  t i re non—line arity and asv ”imet ry of

the  d .c .  ch -ir ac t - r i s t i c s  of d - t e c t o r s  ‘1( 748—P5 and 9746—P5 , the

p o i r r i t y  of t i r e  bLl- ;iu2 - u r n - r n  w i l l  have an e f f e c t  sri the noise.

This l a d i - o d  was f e r r i s !  t o  3s- t r u e . in  t i n -  f i r s t  case , d e t e c t o r

t h e  n o n — I  ine t r i t  v WI- ; found o t i l  y when u s i n g  con tac t #2

as the  ea t  b ode ( 55 were  dea l  ing with a— t v~ s na ton al) . Tb is m a n  i—

l e s t  ~-d i i  s- I I i n  t h a t  I 1 i -  u I )  i S -  s-h o m - r ; i t r e d  b e t w e e n  the non—current

c : t r r v i n r g  c o n t a c t s  4 — 5  was  l a r g e r  when u s i n g  ‘‘ d i i i ’’ c o n t a c t  112 as the

- r i  b od e  e- l r r - - 13 , - 1g .  5 . 3 )  t i t a n  t i - n  using the - s i n s -  c en t  - n t  as the

t n m ’,i~- (curv - A , F i g .  5 . 3 ) .  5 -  n o t I c e  u s e  t h a t  S ( f )  V I I  t es
V
4 ~

t hi a ;; H (~~I~~) iii  tire Forme r c l- it - , (curv, - B , FIg . 5.3).

In the secemi d c i  , - , W I  , - , - t o t  i 7 s —PS , t i r e  n o n — l i n e a r i t y  w i t  found

i i - -: log con act 11~ 
- it h o - u  1:; ru  m n n ’d, ’ or 1 s t  c i t h i o d e  , inrhl ca ti n g

_ _  -- --- — --  —-—--—- — - - --~~~~~~-“-~~~_-rn- - - -~~~~ -----—--—------~~~~~—--— -



63

V VOLTS

1.8--
BIAS ‘6,2 (BAD CONTACT)J

DETECTOR 9748—P5 .6 —  -

T =

X =0.4 1 . 4 - -

1 .2— -

1.0 — -

0.8 — -

0.6 — -

0.4 — -

0.2 — -

I Y I 
~ 

£ 12 
‘ma

- — 0.4

// - - 0 . 6

// --0 .8

BIAS= 12,6 // - — 1.0

// 
_ _ _

FIG 5.4 DC CHARACTERISTICS OF DETECTOR 9748 — PS



~ -~ -s-~ - —------ — -
~~~~~~~

64

v ~LV / Z

I I
J T~~~77°K
/ 

f = 1KHz
/ X = O . 3 9

Vt —

/
7ev ( f ) a 1 3°87

ct ~BIAS ‘2,6( BAD CONTACT )

—

A

B BIAS 16 ,2

/
/

~~~~~~v34
( f ) a I 2

~
05 

~1a

FIG 5.5 I/F NOISE VERSUS DC CURRENT FOR DETECTOR 9746—PS

_ 
rn ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_



- 
I

65

0

E
I-I

1—
Lr

-- i .-

0
0

— - I D

ID
• — — I t )  0

ckJ
L)

‘ 
Lii

(n W

\~~~~~~~~~~

N - --r4) Li.

0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L)

I—
U, - - -  

v_I
CrJ It) w

~~~ ~~ , — — —

> I I 1 I 1 I ~~~~ 1 1 1 1 l 1 t
~~~ 

~t ~~~

0 0 0- - -  \
\

¼)

C’ ,- - 
\

\ 

Ci

a.
I N 

LP

w ‘a. - -  N _N I :

N
o•) It)--

0 
ID

to ... - H
r 0 (1)

~~~r - O
W I

~~~~
II N- --- 



66

a “very” poor contact. The d.c. characteristics were asymmetrical

w i t h  auch steeper characteristics when using contact 116 as tire

cathode (we are dea l ing  w i t h  n — t y p o  s m at or i a l)  t h an  t h a t  obtained

when using the same contact as the anode (Fig. 5.6). The noise

measured between contacts 3—4 (Fig. 5 .5 )  p e r f o r m e d  accord ing l y.

When using contact 2~ as the c a t h o d e , t i r e  noise  measured  (curve C ,

Fig. 5.5) was much larger t h an  that when nsF 
~~~~ 

the same c o n t a c t  as

the anode (curve B , Fig. 5.5). But , in either c ase  the noise was

large r than that irreasured when the current carrying contacts were

good (curve A , Fi g. 5.5). Also , S (0 varied in the former case ,
3,4

(curve  C , Fig. 5.5) approximately as l~ while as l~ in time latter

case (curve B , Fi g .  5 . 5 ) .  F i n a l l y ,  we should mention that the noise

si -m a r p l y  increased  fo r  case B above 10 ma and for case C above 5 ma

and it appeared as a kind of “popp ing ” or “sp ik y ” noise on the

osci l loscope.

To Interpret the V—I characteristics and the noise measurements ,

t h r e e  d i f f e r e n t  models fo r  t ire “bad” c o n t a c t s  may be proposed.

i)  Diode model , formed between the silver paste and the

indium c o n t a c t .

ii) Carrier injection model in cin ch ca r r i e r  d e n s i t y  fluctua-

tions are injected by tire bad contact.

iii) Coil i i ;  ion i err i s i t  I on  and ti va lami cir i t 1 -,, n e a r  t i r e  bad contact,

b e t s -c -mi deeper  1 y I m g  inr inmi r it I e s .  rod t he g l i n t  rat -d c urr iers

flowing downstream.

All models will give a non—linear d .c. c h i r r i - Ic ri st ii , bu t  the

m i d st ’ beir i’. i n  would be d i F F e r e n t .

To illus t I l l i  t i l t s , w e  c o u n t ’ -  t 1 , ) r n r , t , m r r t  current I a c r o s s
0



- - ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

67

the sample . Then

I = epnEA and V — I Edx0 J a

where n is the carrier density in the sample , E the field strength ,

V tire voltage between contacts a and b , and A the cross-sect-tonal

area of the samp le. Hence ,

= e 1:( n AE + E t rn )A = 0
0 0

and
E

Ann
0

k SO

r b  r b E
AV = — AEdx = 1 

-
~~~~ An dx

I j f la a o

Here .1 m n and AE are fl.ricuations around the equilibrium values r. and
0

E respect ive ly .

Therefore , excess noise will only be observed if there are

excess fluctuations An , over and above the “normal ” flicker noise

fluctuations , between contacts a and b. This in dic m t , -s sonic kind

of carrier injection into the region between time contacts a arid b .

This injection must come from the bad cont act. As long as only one

type of carriers contributes , the noise would be gn at -rated for one

direction of current flow only.

S i n c e  sonno’ kind of inject ion m u s t  be p o s t u la t e d  In order to

expla iii tire noi st. , the  :; imp l e diode mc i’ - I ( i ) is exc I t i d ed  oni v -in

i nj e c t  i n g ” diode model wou ld  he a l l o w e d .  M b - i s  ( i i )  ar id  ( i i i )

1n~~cc t  carr ir-rs naturally. We could h a v e  f i m r t i u  r d i s c r i m i r : r t e d  

~~~~- - - --~~~~ ~~~~~~~~~~~~~~~~ -.-- - - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



--‘I’

68

between he models  b y cooling t he  device to a sufficiently low

temp e r a t u re  so 1 st  t i r e  d iode  o p e r a t i o n  or the injection operation

would be teur~ ered by the low temperatures , whereas collisions ioniza-

tion mi ght be enhanced because of longer free path length . We did

not pursue this c ’nlrse . since the contact problem was only a secondary

issue in this research.

In the very bad contact excess noise over and above normal

flicker noise was generated in bo th  directions of current flow,

although there was a difference of a few orders of magnitude in the

noise for the two directions . This could be explained by assuming

tha t  the  bad contact i n j e c t s  electrons when the bad contact is the

ca thod e and hol es wh en the bad contac t  is the anode . The asymmetry

in the noise generation could then be caused by the asymmetry in

carrier injection .

The final conclusion of this work Is that in order to do

meaningful measurements , “had ” contacts should be avoided at all

cost. Having extra contacts does not really improve the situation

because of the carrier injection effect , aid because “good” con tac ts

do not generate excess noise even when carry ing current.

L



— ~~~~~~--  -- -~~~~~ —~~~~~~~ --- - -~~~~~- ------ -~~~~ ~~~~~~ - -

CHAPTER VI. GRAIN BOUNDARY EFFECTS ON 1/f NOISE IN (IIg ,Cd)Te —

In this chapter the effect of grain boundaries on low frequency

noise in (Iig ,Cd)Te is shown . The correlation between tire noises in

the case of grain boundary and no grain boundary is also Indicated .

6.1 Device Fabrication

Three devices were fabricated for this study from n— type

C p 0.05 ilcm , n
o 

1.1 x 10
16cm 3 

at 77°K) Hg0 61Cd 0 39Te crystal

11 9l174—P5 which contained a grain boundary . Their final dimensions

are shown in Fig. 6.1. The devices were prepared using the same

procedures described in Section 2.1. In each device two contacts

were made across the grain boundary of the crystal. This was done

by photographing the crys tal before prepara tion so that the grain

boundary would appear in the photograph. After etching the top

side of the slice (step 5, Sec . 2.1), another photograph was taken ,

and the grain boundary was mapped on it using the first photograph .

6.2 Noise Measurements

Detector 1/ 9743—Ps was tested first. Low frequency noise

measurements were carried out using the d.c. techni que between the

non—current carrying contacts #2 and #3 (no grain boundary) and non-

cu rren t car ry ing contacts #3 and 1/4 (across grain boundary). Fig.

6 . 2  shows the noise  spectra  between the  non—current carry ing contacts

//2 and 3 (no grain boundary) while the noise spectra be tween the

non—current carrying ccn tacts #3 and 4 (grain br’nmnda rv) are shown in

Fig. 6.3. In both cases l/f~ noise was observed at low frequencies

69
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w her e  a diff .~red slightl y for the  two cases. Fig. 6.4 shows f l i c ke r

noise power spec t ra  versus  d .c .  c u r r e n t  f o r  the g r a i n  b o u n d a r y  and

n o — g r a i n  b o u n d a r y  cases.  For b o t h  cases , the  no ise  t i rc~~ -r se -d  as the

square of the d.c. current in tire characteristic way for 1/f noise.

For this samp le , the low frequency noise is the grain boundary

case (contacts 3—4) was about two times larger t h a n  the corresponding

noise at no—grain boundary (contacts 2—3) as shown in Fig. 6.4.

D e t e c t o r s q’l 9742—PS and 9745—P5 were tested next in the same

manne r as t he  first detector. Figs. 6.5 to 6.10 show the results of

these  e x p e r i men t s .  In d e t e c t o r  // 9742—PS , the low frequency noise

va r ied s l i gh t l y b e t w e e n  the gra in  boundary  and n o — g r a i n  boundary

cases , whi le  the noise fo r  the g ra in  boundary  case fo r  d e t e c t o r

1/ 9 7 4 5 — P 5  ~cas about  4.5 times large r than the corresponding noise

at  n o — g r a i n  boundary  fo r the same d e t e c t o r .

6 . 3  C o r r e l a t i o n  B e t w een  Gra in  Boundary  and N o -Gr ain llcnroiit - v N o l  S O S

in order to find out the correlation between the low frequency

noise in the  grai n h o r t n d ar y  case and n o — g r a i n  b o u n d a r y  c.~se , low

f r equency  noise m easurem ent  be tween  the n o n — c u r r e n t  ca r ry ing  co n-

t a c t s  ~ 3 and 5 , d e t e c t or ~ 9745—P5 , were carried out f o r  tire biasing

current of 8 n-iA . The r e s u l t s  ar c  s I R w i l  in Fi~;. 6.11. By a d d i n g  the

two noise soec t ra at this current (S nn-~) obt ii t i e d  f r o m  N g .  6.8

(contact i7 3 — 4 , n o —  -;:a ~n1 boundary) and Fig. ( n . ~~ ( con t ,~ c t 4 -— 5,

grain hosndarv) we obtained the circle s shown i n  F ip .  U’ .11 . ThIs

indeed sh ow- s that the two noises I r e  nnnlco r r - 1 r t i ’d , since

S ( f )  ~
- 

~ ( I )  4- S (1)
V V V3 ,5 1 ,4 1k , )

- -— - - — ---- - — - —~~ - — - ------- —-~- — —~~~~ —-  ---- --- - ---- — - ---— - - - —-
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where S ( f ) , S ( f )  and S ( f )  are all, de te rmined  exper imenta lly .
3 5  3 4  V4 5

6.4 Discussion of Results

frarn 1/f noise theory . Sec. 3.3 , the power spectral  dens i ty

of the voltage fluctuations due to 1/f noise is

2 2
S ( f )  = 

C I  
f
R 

(5.4a)

Since N is inversely proportional to R , Eq.  (5 .4a)  may be w r it t e n

in the form

S ( f )  = 
C I R

Ikn ce , in order to compare the data in case of grain bo u ndary  and

no—grain boundary eliminating the effect of differences in resistances ,

the factor C ’ has to be calculated for each case. This is done as

fol lows.

In the grai n bo und ary  case

C ’ I R
S ( f )  = 

GB
V

GB

while in the case of no-grain boundary

c ’ ~
2 R 3

S ( f )
V

NG B

tlre ref ort - • for tir e -; In:le c r l r r - i n t  I, we get  
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s ( f )
V

CB 
— 

C~8 R
GB 3

s ( f )  
— 

C
~ GB 

X

or

S ~~~
GB 

— GB 
RNG B 3

CN CB 
— X

Table VL .l shows the calculated values of (C
~ B / C ’ NGB

) fo r  the t e s t ed

devices.  This indicates  that the f a c t o r  C ’ in case of g r a in  boun dary

is about four t imes its value in case of no grain boundary ; in other

words , for these devices the grain boundary has increased the noise

by a factor of 4 over that for the mo—grain boundary case. Also ,

we see t h a t  all devices have about the same noise , when corrected

for differences in resistance .

The exp lanation of the effect is strai ghtforw ard . Grain

boundaries are assemblies of dislocations a r ra n g e d  along “dislocat ion

lines”. It was sho~~ b y Bess 8 ’ ~ that dislocations g i v e  rise to ex-

cess noise over and above the “norma l”  flicker n o i s e.  This should

lie the  case independent of whether the surface or the  b u l k  i n t e r p r e —

ta t i on  of 1-~q .  ( 5 . 4 a )  is adopted .

W~ not  ice f r o m  o t i ~~’ data t h a t  the n;c c t 1 ~ n n c ost  a in 1 ri g t h e  gn a  in

bound,I rv 11 ways had a : ;onn i- w l n 1 t sma I let ri’s i t once t h a n  the corre— - ‘

inponding sect i o n  c o n n 1 ; i i r i u t n ~ no g r a i n  b o u n d a r y .  W~- I n - n v ’  a t  i~~~c-~~ - f l t

no sat isi t t o  d I rira t i o n  f o r  thi s beln n v i r . 

—~~~- - -  _--_=;__ _ _
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Table VI.1

DETECTOR # 9743—PS 9742—P5 9745—P5

at lOmA , V
2

/ l l z  1.91x10
17 8 .6  x 10~~~ 1.36 x ~o~~

6

R
~8 

R~~~ = 19.5 R 3 4  = 16 = 37

S / R~ 2 .58  x io
21 

2.1 x io
_21 

2.h~5x10
21

V
GB 

GB

(-
~
0l1 :), at lOinA , V

2
/lIz 7.92 x io~~

8 
9.95x 10

18 
3 5  x

N~ B

RNC B R
4 3  

2 2 . 8  R4 5  
= 26.5 R

3 4  
= 38.5

3 _ q _ ) _ -) -)

S / R. 6.68 x 10 ‘
~~~ .35 x 10 6.133x 10

VN(;B r ’iGB

C~~ / C
~ GB 3.86 3 .93  4.38

All n;a-asurennents were  taken at 77 °K.
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CHAPTER VII. DETERN 1~ AT L0N OF HuOGk ’S CO ’-h ;TAN I C

According to i loo ge ,2 ’3 
th e f l i ck er noise spectrun is

2 2
S (f) = ~~~~ ( 7 .1)

where I is the current , R the  r e s i s t a n c e, N the  nu~ 2~er  of carriers

and f the frequency.

Dis is an emp irical formula which sunin s  up a l l  t h e  t~~t .-i t h a t

Hooge t - - ~s~- l e d  on grea t  v a r i e t y  of materials and d e v i ce s .  [‘he

- 3 — 2
dim~ rnsionless constant C varies between 10 and 10 , is t y p i c a l l y

2x10 and should no t  differ widely for a inn ilar sa-In 0 ; .  ~~ laassen
1

and Van ‘kr  Z i et  have  shown t h a t  u n d e r  c~- c t  n in c o n d i t io n s  a f or ~~n n l a

of t h e  type (7.1) can be d e r i v e d  f o r a a n t i - c e  n o is e  n - ’ e c h : n n n i s n , with

the  onl y d i f f e r e n ce  t h a t  C now d e p e n d s  on ~, u r f i c e  s t n t C  den s i t y

N
SS 

, (see sec  t I o r r  3.3) and may vary more widel y. We g i v e  t h e -:-:g- r i—

r~ental  values of C for a large number of (~~i~~ ,Cd)Te h - v  [ c s  in

Tab le VII. 1. Al 1 , except d ev i ce s  504 In) , SlSS and 101 ~c)-- 1 , g ive

values for C b e t w een  2 . SxlO arid SxlO ~~~
, non e of t - -

mmdi ’ on t l n e ;e cI , ’’ icc ; i n v o l v e d  .i grain h n n n n l a -y .  i ln e two • - - -~ - i - g 1  i . - n . n

had C values of O .2x10 and 0.1 ~xl0
3
, r e sp e c t  iv ’ - l y .  [ T h i s  c t ” a r l y

i n d i c a te s  t h a t  C ‘ m i  v ar y  w i d - l y , . w i n f o r  t ~n ’  ; n-n - n a t  1 i i i  ~ t iri s

is i - o t t e r  c o r 4 ) l t i h l e  wi th 1 s n r f a e of ft - i t h a i  ~ th a b u l k  i t t  c ot

i n  a r n - e r n e n t  w i t h  (hn .np t e r VI  I t

O u r  tin t a lo t - s not ~~t i n n i a l ’n ’ B r o m n d v  
1 

t~ t .in h r i n n  i t  t hail

85
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a C—value as low as 5x10 6
, the lowest ever found by him . The cause

of the low C—value is presently unknown. It would be extremely

Interesting to make such low C—values in a reproducible manner ,

since flicker noise in (Hg,Cd)Te could then be reduced by more than

one order of magnitude . This would require a large—scale compre-

hensive study far beyond the scope of this thesis.

‘1
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CHAPTER VIII. SURFACE EFFECTS ON 1/f NOISE IN (1!g,Cd)Te

The objective of this study is to determine the sources of

1/f noise in n—type (Ilg ,Cd)Te detectors. Utilizing a Metal—

Insulator—Semiconductor structure , the effect of dep letion and accu-

mulation of the surface on the device noise characteristics is

determined. The experimental 1/f noise data are compared to both

the bulk and surface models (see Sec. 3.3) to determine whether

the low frequency noise in these devices is due to a bulk or to a

surface effect.

8.1 Device Fabrication

The experimental devices used to study the effect of depletion

and accumulation of the surface on the low frequency noise character-

istics of (Hg ,Cd)Te devices were Metal—Insulator—Semiconductor (MIS)

structures. The structure shown in Fig. 8.1 was fabricated . The

(Hg,Cd)Te samples were prepared first as mentioned in Sec. 2.1,

steps 1 to 7. Ohmic contacts were made to each detector by evapora-

ting indium; then copper leads were bonded to the contai ts using

silver epoxy. A zinc suiphide dielectric coating was then evaporated

over the whole detector. Aluminum gate electrodes 1000 A thick were

then evaporated over the zinc suiphide after properly masking the

contac t areas and the edges of each detector. A copper lead was

boncl# d to each gate area using silver epoxy . Each detector was then

mounti’~ on a “TOS” IC header using GE varnish . The detector and

gate Jr~;ids were bonded to the IC header pins using In soldering.

88 
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COPPER WIRE LEADS

1 / 7 /
INDIUM CONTACT INDIUM CONTACT

,020” 41 1 ‘I~ 
.020”

SILVER EPOXY~~~~~~~~~~~~ 
___________

1000 °A

0.5 MICRONS INDIUM J ZINC SULPH IDE JO.5 MICRONS INDIUM

‘--‘I5MICRONS Hg1..~~
cd

~ 
Te

FIG 8.1 MIS STRUCTURE

I ~ 4Om,( FOR DETECTOR 9744—P5

~ 2Omi l FOR DETECTORS 73V,245 AND 73V,247
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8.2 Measur~~~ Equipment

Two experimental setups were used; one to record capacitance

versus gate voltage , the other to measure the device low frequency

noise as a function of gate voltage.

The capacitance versus gate voltage was measured using the

system configuration shown in Fig. 8.2. The d.c. gate voltage was

taken from a function generator which produced a triangular voltage

wavef~ rm. The voltage swing was typ ically +8 to —8 Volts , some times

entending to as far as —20 Volts. It would sweep through these

voltage ranges in about three minutes. Although this voltage is

not strictly constant , it is referred to as the d.c. gate voltage

to distinguish it from the sine wave generator small signal which was

also applied to the gate electrode . The gate voltage consisted

of the sum of these two voltages. The other two terminals of the

MIS device were connected together and their signal was fed to

capaci tor C
1
(.OlpF) shown in Fig. 8.2.

The capacitance of the device was measured by comparing the

vol tage developed across C1, af ter be ing ampl i f ied , with the signal

generator voltage using a phase sensitive detector . The relation-

ship is simple to derive. The signal generator voltage will be

represented by V , and the MIS device as a complex impedance Z con-

sisting of the parallel combination of a resistor R and a capacitor

C. The a.c. current flowing through the sample in response to the

signal generator will then be

V V
I ~~ (l+j uRC)

—

~

, ,-- --



91

r - —  -

I I .
~~
. I

I -4’
I I
LJ I (f, r

I ~~Lz a: I ______

I I< ’J~~ o I r-lh -J
_J ~~~I-~I 

~~~ ~~~~I ~~ I k ~~ ~~~

~ 

‘

~~~~~ 

_ _ _ _ _

Lu
C.) z
wz u,0

I Lu
I—

‘4-I ’ Z

(f ~I. 
I

~

J

> 

I
~~~f3

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0 w Z Lii
0~~~~~ 

0
> 

~~~ T ~~~~~~

I I---- -- I-- - - -—-1
L~ I 

~ I ~~ ~~— 4 l

~ 

L _ J

w~ 2W

U) 
~~

_ 
_ _ _  

_ _ _ _  -.-. -~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ J



- --- -~-~. ~~~~~~~~~~~~~~~~~~~~~~~~

92

this c u r r e n t  wi l l  f low through the capacitor C1, hence , the voltage

at the  input  of the d i f f e r ’n t l a i  amp l i f i e r  is

V1 ~~~~(l + j uR C) 1 V
S

C V
S

Assuming K is the voltage gain of the ampl i f ie r , we get

V C  V
S - SV = K~-—— — j  - ——-)

o C1 wRC

where V is the input voltage to the phase sensi t ive  detec tor .  The

last equat ion says that the m agn i tude  of the component of V which

is in phase w i t h  ti le sine wave generator  wil l  be proport ional  to the

capac i ta nce of the MIS device . The phase sensitive de tec to r  compares

th i s  component of V w i th  V , an d the o u t p u t  is sen t to th e Y axis

of an X—Y recorder .  The d . c .  gate vol tage is app lied to the X axis ,

and the capac i t ance  may then he p l o t t e d  cont inuous ly  as a func t ion

of V~ as the f un ct i o n  generator  sweeps f rom pos i t ive  to negative

vol tages .  This system may be tuned over a range f rom 1Hz to 1MHz ,

so that it is possible to make successive runs at d i f f e r e n t  fre-

quencies , and inves t i i;ate the  f requency dependence of the capacitance.

The low frequency noise measurement (40Hz) versus gate

vol tage was ca r ried  Out us ing th€  sys tem shown in Fig. 8.3. The

gate  vol tage was provided using a d .c .  vol tage supp ly.  The gate

leakage cu r ren t  was mon i tored , by mea~uiriug the  voltage drop across

a ift~ r e sis t o r  connected in s ’r i c s  w i t h  the gate , us ing a ba t t e ry

opera ted  el ec t romete r  model 601 made b y Ke i th ly  In s t rumen t s .  The

noise measurement sys tem is the same as the system described in

Sec . 2 . 2 . 2 .

_ _ _ __ - -- ~~~~~~~~~~ - 
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8.3 c i t ~~ -e ~~d 1/ f  Nof  so V e r ~~~ ~~it e  Vo1ta~~e r~~t Re~ u 1ts

The first M I S  devices  wer e f a b r i c i t e d  Iron n — t y p e  (p = 0.05 acm ,

n 1.116x1016 
cm 3 

at 71° K) (H g , Cd)Tc  c r y s t a l  119 1l74— P5 w i t h

x 0.39 . The evaporated ~:inc sui p h i d e  layer was 4000 A t h i c k

while the gate e lec t rode  was 30 nil x 30 mu In area. The t heo re t i c a l

in sulato r  capac i t ance  c a l c u l a t e d  froci th i s  geome t ry is

c = ~~~~~~~~~~~ 

A 
— 

llxS .85x 10 ’2 x (0. 03x2 .  5.~~ 10
_ 2

) 2

i d — 

4000x 10 ’0

~~ l40 pF

where A is the area of the ~ ; l t e  ele c t  rode , d is the th ickn ess  of the

in s ula t o r  and we have taken ~
- 

- 11 at 300 °K .ins

When app ly ing a negative  v o lt a - ,’,e to  t he gate electrode of an

MIS s t r u c t u r e  w i t h  an n — t y p e  se~cico: idu ct e r , i ts  small  s ignal  capaci-

tance wil l  decrease as the s u r f a c e  is dep l e t e d .  Th.~ capaci tance will

reach its m i n i m u m  value  at t h e  onset  of st r on g  i nver s ion .  To calcu-

la t e  t he  change ~n the  c~ p~~- i ta nce in t h e  case t~nd .~r conside rat ton ,

M IS de tec to rs us ing  n — t y p e  (hl g , Cd)Te  ‘r v st a l  /1 9 1174—PS , we w i l l

fo llow the theory  developed for  the b i gh f r e q u en c y  behavior  of M IS

capac ito r s  exc lud ing  the e f f e c t  of s~irf~ice states ’4 .

For crystal i~9ll74—P5 , the extrinsic carrier ccncentratton

n = 1.116:10
16 

cm
3 while the intrinsic cacrier coi~ce I l tr at i o n

n 1 
6x10 cm . iheret ore , from the r~ i;itton

n . + no n 1 ext~(-~~—)

where is t he bulk p ote n t i a i  (~~‘e Fi g. 3 .5) ,  we get

_ _ _ _  
~~~- - ~~~~~~~ - - -.~~~ 

--
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n + nKT i 0
4, -— ln ——
B e n

l.3Sxl0
23 

x 300 l.176x10’6

19 in 14
l.6x10 6x10

= 7.699xl0 2 Vol ts at 300°K

Now the onset of strong inversion occurs when the bulk potentail

4,~ equals the surface po ten tial 
~~~‘ 

therefore

= 7.699x10
2 Vol ts

at onset of strong inversion . Corresponding to this value of 4, (inv),

the maximum width of the surface depletion region X
d 

can be
max

estimated using the depletion approximation which yields

4cc 4, (inv)
x = /  s o __~ (8.3b)d e nmax 0

where c is the dielectric cons tant of Hg0 6Cd 0 4Te ~~ and is taken

14. Hence,

- 4x14x8.86x10
14 

x 7.699x10
2

= ‘ - 

~~~~ x 1.

1.463~ lfr
5 cm

and the minimum value of the depletion region capacitance is
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e r A
1~’ _ _ _ _ _- 

Xmm dmax

— 
l4x8 .86xl0 12 x (0.03x2.54x10 2 ) 2

- 

l.463xl0
7

490 pF

Since the capacitance of the MIS structure is given by the series

combination of C . and dep letion region capacitance , then the minimum

value expected in this case is

C~ Cdmm 140 x 490CMIS C . + C = 630 109 pF
mm i d

mm

Fig. 8.4 shows the measured capacitance versus gate voltage for

MIS detector #9744 — P5 f rom crystal #9 1174—P5 . The insulator capici—

tance and the minimum measured capacitance agrees very well with

the theoretical values calculated above. This curve was obtained

both at 100KHz and 100Hz indicating that the density of slow surface

states is much less than that for the fast surface states . This

curve is a typical “low” frequency curve for n—type materials indi-

ca ting tha t the genera tion recomb inatfo~ ra tes in the inversion

layer are fast enough to keep up with the small signal variation at

100KHz (i.e. the fast surface states can interact with the bands

fas t enough to follow the app lied a.c. signal at 100KHz). In this

case , the capacitance measured approaches that of the insulator at

large negative gate voltage.

Low frequency noise measurements (40Hz) versus gate voltage was

L .~~~~~~~~~~~~~~ - -~~~~~~~~~~ - - — -~~~~~~~~~- -- . .
~~~~~~~~~~~~~~~~~~~ 
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carried out for this device at 77°K. The results are shown In

• F ig,  8 .5  Ind ica t ing  no rhange in the noise as the device surface

• is changed between accum ulation , dep letion and inversion. Un-

fo r tuna te ly ,  this  device had low gate breakdown voltages (—3 and

+4 Volts)  which made any f u r t h e r  t e s t ing  impractical. This was

possibly due to one or more of the following reasons: 1) pit holes

lef t  by free mercury after etching the sample; 2) high field

s t r e n g t h  existed at the corners  of the square shaped gate electrode;

and , 3) p in holes in the zinc suiphide layer.

In the second a t temp t , MIS devices were f ab r i ca t ed  from n—type

I1g
1~~~

Cd Te (x = 0.382 , ~ = 0.35~ cm , n
o 

l.08x1015 cm 3) crystal

// 73V ,24 which was free of p i t  holes. At f i r s t , devices were fabri-

cated wi th  di~~k shaped gate electrodes 15 mu in diameter while the

thickness  of the zinc sui phide layer remained the same (4000 A) .

These devices s t i l l  had low gate breakdown vol tages and were un-

s a t i s f ac to ry. The f ina l  MIS devices fabr ica ted  (/1 73V , 245 and 73V ,247)

and performing satisfactoril y had a zinc suiphide layer about  1.5 micron

thick and disk shaped gate electrode 15 nil in diameter. The theoreti-

cal insulator capacitance calculated from this geometry is about 7 pF .

Figs . 8.6 and 8.7 show capacitance curves taken f rom MIS

detectors  #73V ,245 and 73V ,247 respectively. ~3oth of the curves

were measured at 100Hz and 100KHz in d i c a t i n g  that  the dens i ty  of

slow sur face  s t a t e s  in these devices is much lowe r than the  densi ty

of f a s t  su r face  sta tes .

The i n i t i a l, low f r e q u e n c y  noise measu remen t s  were performed on

M I S  det ec t o r  // 73V ,245. Fig.  8.8 shows the low f r equency  noise spec-

trum for this device at 30 and 200 mlrro amps.  The 1/f  noise power 

-~~~. . -~~~~-—- • -- - - -
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T = 77°K
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FIG 8.8 LOW FREQUENCY NOISE SPECTRUM FOR MIS DETECTOR 73V,24S 
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spectral d e nsi t y  at 40Hz increased approximately with  the square

of the d.c.  cu r ren t  as shown in Fig. 8.9. Low f requency noise

measurements versus gate voltage were performed at 40Hz and at

301’A. The results which are shown in Fig. 8.10 indicate  no change

in the measured noise as the surface changed f rom accumula t ion  to

strong inversion.. Noise measurements versus gate voltage were also

perfot-nied at 100KHz and at 20031A. The results  shown in Fig.  8.11

indicate that  the noise increases slowly as the surface changed from

accumulation to depletion . At the onset of strong inversion , the

noise increased much more rapidly and then levelled off as the device

went into deep inversion. Unfortunately, we were not able to perform

thermal noise versus gate voltage measurements for this device

(f/73V ,245) due to damage of the gate insulator caused by accidentally

• app lied high voltage.

Device ~f73V ,247 was tes ted next . The low frequency noise spec-

t ral  densi ty of this device obeyed a 1/f law as shown in Fig.  8.12

while it increased wi th  the square of the d .c .  cu r r ent  in the

character is t ic  way for  i/f noise (Fig. 8.13). The low f r equency  noise

measured at 40Hz did not change as we decreased the gate vol tage

and inverted the surface. This is shown in Fig. 8.14. Finally , the

device thermal noise was measured versus g at e  vol tage and the  resul ts

are indicated in Fig. 8.15. The the~ual noise , i.e. the device

resistance, inc reased gradually and levelled off .ms the device went

into deep inversion. This could be exp la ined siriply by c o n s id er i n g

two resis tors  in paral lel .  In the accumulation reg ion , we have .1

s t r o n g l y  conduct ing  n- --ype skin on the m a t e r ia l  wh i c h  shunts  the

bulk resistance. As the accumulation at the s u r fa e e  decreases , we 

— -—- — - — --——---—-•--• - -- . -
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FIG 8.9 I/F NOISE VERSUS DC CURRENT FOR MIS DETECTO R 73V, 245
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S~( f )(~ v) 2/Hz

I I I

T :  77°K
X 0.382
a~~ 1.1
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FIG 8.12 LOW FREQUENCY NOISE SPECTRUM FOR MIS DETECTOR 73V ,247
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decrease the c o n d u c t i v i t y  of the n—type  skin , a nd the net  device

resistance increases. By dep le t ing  t h e  s u r f a c e , we d r ive e l e c t r o n s

away f rom tho su r f a ca .  The skin res i s t ance  Is now h igh , and th e

dep l.~t ion  r egion is “squee zing ” the bulk , so th at we are e f f e c t i v e l y

dec reasing t he wid t h of the samp le. This means tha t  again chic

• resistance wil l  increase as we go through the  dep l e t ion  r e g io n .

As we go into inversion , the holes at the surface will not signifi-

cant ly  change the sample resis tance.  This is because in (hI g ,Cd) Te

w i t h  x = 0.382 , the hole m o b i l i t y  is about  100 t imes sm al le r  than

the e lec t ron  m o b i l i t y ,  so that  the h u l k  e l ec t rons  w i l l  d e t e r m i n e  the

res isL~ince behavior of the device . S ince  the  dep l e t i on  reg io n does

not increase  very  much ence we are in the inve r s ion  reg ion , we

wou ld  expect  the  r e s i st ance  (and hence the therm a l noise)  to level

o f f  to a co ns t an t  value , as it d id fo r  M I S  d e t e c t o r  ~7~3V , 24 7.

~~ . ~ fliscussu,n of resu l t s

F i r s t  we w i l l  de te rmine  whether  the va r i a t ion  Ic. the measured

noise at 100K Hz as we dec reased t he gate  vol tage an d in ve r t e d  th e

su r f ace  of device 1173V ,245 is due to an increase in g—r noise , 1/f

noise and/or thermal noise (Fig. 8.11). The material used for

fai .ricat ing this device has an x—v ilue of 0.382. For this material

the excess c a r r i e r  l i f e t ime  at 77°~ and zer o  f i e l d  @ 1 vIew (all the

e xp e r imen ts conduc ted  in th i s  r esea r ch , except for t h e s e  u s in g  the

a . c .  m o d u l a t i o n  t echnique , w er e  at  zer o  f i e l d  of v i & w ~ t i ;  in t h e

order of m i l l i s econds .  This results in a ro l l  o~ I fr~ p l e c ’ v  for the

g—r not so 1 e’-s; t h a n  200Hz.  There fore  , a t  n.’r Isr I d e v i c e  b i a s ing

c u r  r en t ; , the  g — r  noise w i l l  be much smal l e t -  t h in t im th erma l n o i s e

at h i g h  f r equenc ies  (above 200Hz) and -isv excess noise measured w i l l  
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be due to 1/f noise. Now , for the noise increase observed for

device i /73V ,245 when the gate voltage was decreased (Fig. 8.11)

to be due to g—r noise , the excess carrier lifetime should decrease

from milliseconds to microseconds as the surface is depleted , an

improbable condition . For that reason the g—r noise will be ex-

cluded in the following calculations which will be fully justified

as we proceed.

8.4 .1 Calculations

1. Measured resistamca b r  device #73V ,245 at zero bias and

77 °K is 2.2Ki~; hence , the device thermal noise

= 4KTR

= 4x1.38x10
23 

x 77x2.2xl0
3

= 0.935x10~~
7 V

2/Hz

2. Measured noise at 100KHz, 200pA and zero bias (Fig. 8.11)

= l.238x10
17 

V
2/Hz

Calculated thermal noise at 77°K

= 0.935xl0~~
’7 V

2/Hz

Therefore , f l i c k e r  noise measured

= (1.238 - 0 .935) x lO~~~

= 0.303xl0 1
~
7 V 2

/Hz 

---~~~~~~ - - - ~~~ - - _ - -~~~ ••-- • • ~~~~ - _ - - • -  —--~~~~—-
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3. Calculat ions of i in spectrum S ( f )  = Cori s t .  x( 1/f m ) :

From Fig. 8.8 , we get (at 200pA)

S (10Hz) (extrapolated) = 9.5x10 14 V 2 /llz

• S (10KHz) (extrapolated) = 3.5x10 17 V2 /Hz

therefore , we have

- 10000 a — 9.5x10~~
4 

—

10 
— 

—17 71
3.5x10

- which yields a = 1.144

Similarly ,  repeating the same calculat ions using d i f f e r e n t  points

S
~
(l0Hz) (extrapolated) = 9.5x10

1
~
4 V

2/Hz

S (1KHz) = 4.9xl0~~
6 

V
2/Hz

1000 a 9.5x10 14
hence , (-

~~~~~
---) ---——--g = 193.8

4 .9x10

which yields a = 1.143

This value of a fits excellently with the measured value shown in

Fig. 8.8.

4. Estimated flicker noise at 100KHz and at 200ijA:

Measured flicker noise at 40Hz (Fig. 8.8)

1.95x10 14 V 2 /Hz

Since “ 1.144 hence , the estim ated flicker noise at 100KHz

— 
l.95x10 14

- 

(2500) 1.144

- - -  — • - -- —- - - - - --- --_ _ 
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1. 95x10~~~— 
7713

= 0.253xl0~~~
7 

V
2/Hz

Fl icker  noise measured at 100KH z = 0.303xl0~~
7 V 2 /Hz

This is an excellent agreement if ‘..e take into accoun t two items .

1) The resistor might have a few °K higher temperature

than the  77° K assumed in the calculat ion because of

hea t ing .

i i )  The ca lcu lat ions  are somewhat sens i t ive  to the value

o f a .

5. N o t - c  i iw . i s u red  at d e p l e t i o n  ( f rom F i g .  8.11) , V~ = — 8 Volts ,

200 A and 77°K = l.508x10 17 V
2/Hz

F l i c k e r  no i se  (a~ sume d to be t he same) = 0.303x10 17 
V
2/Hz

Therefore , thermal noise .‘t depletion = ( 1.508—0.303) x lO~~~

= 1.205x10~~
7 

V
2/Hz

~ser rnal Noise at dep let ion 
- 

1.29 
_____Now , Thermal Noise at Zero bias 

— 

0.935x10
17

= 1.289

• Iii i co rresponds  to a max imum device r e s i s tance  i t  dep letion

(V — - M Volts) ot I. .2 8 9 x 2 . 2 K  • .  = 2. 84Ki.~

6. ( ,, I cial ; i t Ion of dev i ce  r e , i ; t a n c e  versus  gate vo l t  age from

1t. p l e t  t on i n i t  ion  model :

_ _ _ _
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15 3For n— type Hg0 618 Cd 0 382 Te with 10 free electrons /cm

16added to the conduction band and at 77 K we have

Fermi energy Ef = —0 .0166 eV

and Int r ins ic  Fermi energy H1 = —0 .145 eV

where both are measured from the bot tom of the conduction  band .

Hence , surface potential • at onset of strong inversion

= 0.145 — 0.0166

0.1284 Volts

From Eq. (8.3b), the maximun width of the surface dep letion region

Xd for device #73V ,245 is
wax

— ,, 4x 14x8 .8ôxl0~~~
4_ x O.12 84X

d 
- 

-19 15max 1.6x11) x 1.08 x 10

= 6.072 x 10~~ cm

Now, assuming that  the depletion region is “squeezing” the bulk ,

so that  we are e f f e c t i v e l y  decreasing the w i d t h  of the sample ,

the maximum device resistance (sec Sec. 8.3) is

R Sam~) le t h i c k n e s s  at zero bias 2 2K~max effective sample thickness at depletion ~

2 . 2 4
( 2 .2 4  -: ô.~~o7~~ 

X 2. 2k ;)

= 3.O2Kih
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Now, we calculate the variation of the device resistance as

a function of gate voltage using the depletion model. When the

semiconductor is depleted , the charge Q per unit area within the

semiconductor is given by

e n X
d 

(8.4.la)

where Xd 
is the width of the surface depletion region. Now , inte-

gration of Poisson ’s equation yields the surface potential 4~ as

• 2
e n  X

~s 
(8.4.lb)

where • is defined in Fig. 3.5.

If the flat band voltage VFB 0, any applied gate voltage VG

will partly appear across the insulator V . and partly across the

sample . Thus,

V
G 

= V~ + 2~ (8.4.lc)

If there are no charges present within the insulator , V1 
is given by

Q

V~ = (8.4.ld)
ins

where ~~~~ = —~~-~--~ is the capacitance per unit area of the insu-

lator layer and d is the insulator layer thickness.

Equations (8..4.la , b , c and d) yield
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2e n  X d e n  X
= 

o d + o d 
(8.4.le)G c C 2 c  cins o S o

when VFB # 0 , equation (8.4 .le)  is replaced by

2e n  X d e n  X
— V~~~1 = 

0 d 
+ (8.4.lf)

which y i elds

e n  •-, e n  d
+ 

~~~~~~ 

X
d 

— I V ~ — VFB I = 0 (8 .4 .lg )

Substitu t ing nu merical values for the coefficients we get

(6.965 x l0~ ) X~ + (2 .66  x l0~ ) Xd 
— ~~~ — V FB J = 0

which has the solution

= 

- (2.66~ l0~) +~~ (7 .073x10
8) 

± (2.786x10
8) VG 

~~~~
Bj

d 
l.393xl08

• (8.4.lh)

• hence , the sample resistance at gate voltage VG, where Xdmax
6.072x10 cm , w ill he given by

R(V
c
) = 

(2.24 X )  
x 2.2K0

for IV G ! , !V FBI and X
1~ < X

d 
(8.4.l i)

flax

----S

_ _ _  _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~
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Equations (8.4.lh and I) were used to calculate the device thermal

noise as a function of the gate voltage for gate voltages below —4

Volts ( V
1~ 

for device #73V ,245 , Fig. 3,6). The r e su l t s  are shown

in Fl~~. 8.11 . The calculated noise in this  f igure  is obtained by

adding the measured excess noise at zero bias (= 0.303x10 ’7 V
2
/I{z)

to the calculated thermal noise. Both the calculated and measured

noises agree within 10%. This is due to the fact that the dep letion

model gives resistance values slightly too large because the width

of the depletion region is somewhat smaller than the depletion

model indicates.

7. Up to here everything is consistent. We thus have

1) The calculated device (f73V ,245) resistance after

dep letion is = 3.021(11.

ii) The measured resistance from thermal noise at 77°K =

2.841(ç) (assuming constant flicker noise).

iii) The difference is less than 6%, well within accuracy

of the depletion model.

iv) Since flicker noise at 40Hz is independent of gate bias ,

it was reasonable to assume that the same is true at

100KHz.

v) Thus the measurements  at 100KH z g ive main ly  thermal

noise , con ta min a t ed b y a small amount of flicker noise.

vi) Conversely , if we take the 3.021(2. to hi’ correct , we have

thermal noise at depletion = ~—‘-~ -~~ x 0.935 x

= 1.284 x ~o
l7 

V
2/Hz
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measured noise at depletion (Fig. 8.11)

= 1.508xl0 1
~
7 V 2 /Hz

hence , the calculated flicker noise at depletion

= (1.508 —l.284)x

0.224xl0~~
7 V

2/Hz

so the flicker noise at dep letion would be even lower

than at zero bias.

vii) But we know that 3.021(2. is an overestimation , so 2.84K12

looks much better and then flicker noise is assumed to

be constant.

From the above argument , we conclude that the variation in the

measured noise at 100KHz when the device gate voltage was decreased

(Fig. 8.11) is due to variation in the device thermal noise, i.e.

its resistance.

3.4.2 Origin of i/f Noise in MIS Detectors #73V ,245 and #73V ,247

As indicated in Sec. 3.3, the flicker noise spectrum is given

by
2 2

S ( f )  = c (8.4.2a)

• where I is the current , R the device resistance and N is the number
0

of carriers. This relation is true for: a) Hooge ’s mechanism (bulk

model) ;  and b) McWhor ter ’s mechanism (surface model) as shown by

6
van der Ziel

Case (a): The noise is a bulk p~~nomenon. Therefore , C is

independent of conductor volume and should not change when a
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(depletion) space charge region is formed. Now , according to our

calculations for device #73V ,245 and our measurements far  device

#73V ,247 , the device resistance changes b y a fac tor  

~-1~ 
= 1.291

for device #73V ,245 and by a f ac to r  2.953 
= 1.241 for device #73V ,247

(see Fig. 8.15) when going from zero bias to depletion . Since R

varies as 1/N , so R
2
/N varies as (l.29l)~ = 2.15 for  device

#73V ,245 and (l.24l)~ = 1.91 for device #73V ,247. Therefore ,

fl i cker  noise should change by a fac tor  of 2.15 (device / t73V ,245)

and by a fac tor  of 1.91 (device #73V ,247). Best measurements indicate

that 5 ( f )  at 40Hz does not change for  e i ther  of these devices by more

than • 10% (see Figs . 8.10 and 8.14).  Therefore  case (a) must  be

incorrect  and Hooge ’s model cannot explain our data.

çase (b) : The formula for S
v
(f) is still valid , but the effect

is now a surface effect. Equation (8.4.2a) is derived under the

assumption that the surface has constant area. But in fact the

depleted surface can no longer contribute to flicker noise. So by

going to depletion C should decrease by a factor 2, because the

e f f e c t i v e  su r face  area is halved , and therefore  the f l icker  noise

should increase by a factor = -

~~

-‘-

~~~~ 

= 1.075 for device //73V,245 or

change by a factor = ~~~~~ = 0.96 for device #73V ,247 .  These fac tors

are too small to measure at 40Hz .

Up to here we have only compared the end poin ts  of the t rans i—

tion : accumulation — dep letion and strong inversion. This does not

exclude a p r io r i  t ha t  the re  could be a va r i a t ion  (e .g .  a peak ) at

the transition point. But our data does not give such a variation ,

and so there is no need to say anymore about it.

L~. - •~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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8.5 The Gate Voltage ~ysteresis Effects 
—

It was noted that the recorded C—V curves on the X—Y plotter

would vary significantly depending on whether the gate voltage was

increasing or decreasing while recording, and they would depend on

the rate of change of gate voltage. In order to be able to correlate

C—V plots from one run to the next , all data on the X—Y recorder —

was taken at the same rate of change of the gate voltage. This

rate was chosen to be much smaller than the frequency of the applied

a.c. signal to avoid any transient effects.

We can get an idea of the hystersis effect from Figs. 8.16,

8.17 and 8.18. In obtaining each curve , the gate voltage wave

form was triangular , so that it swept at the same rate whether it

was increasing or decreasing. The gate voltage sweeping rate used

was 0.1 Volts/sec. Each curve was retraced by the X—Y plotter

several times so that the data was reproducible in that sense .

Fig. 8.16 is the C—V plot for MIS detector #9744—P5 taken both at

100Hz and 100KHz. The curve on the right was swept out while the

gate voltage was decreasing and the one on the left while it was

increasing. The same explanation could be applied to both Figs . 8.17

and 8.18. We notice also from these curves that the increasing and

decreasing C—V curves need not be symmetric . The extreme case is

shown in Fig. 8.18. The decreasing curve was much broader than the

other , although they both had about the same minimum value .

The mechanism which could be responsible for the observed

hysteresis effect is that there could be slow surface states in

the zinc suiphide insulator. These are surface states with time

constants on the order of seconds or even minutes. Since they

L
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interact with the valence hand so slowly ,  we must wa it a long t ime

f o r  them to reach eq u i l i b r i u m .  Their  popula t ion  as a f u n c t i o n  of

time , and thus also their effects on the surface properties , would

d~ pcnd on the “his tory ” of the gate voltage .

We did not have this problem when we did the noise measurements ,

since we measured poin t  by point  and operated at equ ilibri um at each

point.

- - - -- - -  —-•-~~ - —•-~~~~~~- - - ---- -- - 
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CHAPTER IX. CONCLUSIONS AN]) RECO MMENDAT IONS

9.1 Conclusions

1. The measuring system based on a modulation technique works

perfectly and can be used to discriminate between noise sources .

2. Some contacts to the photoconductive devices showed excess

noise over and above the normal flicker noise (1/f noise) when

carrying current. The amount of excess noise produced depends on

the pclarity of the current. We traced this to carrier injection at

the “had” contact.

3. We observed that pho toconductive devices with a grain

boundary showed higher flicker noise than devices without grain

boundary . Correlation measurements of the noise of two adjacent

devices on the same chi p carry ing the name current showed that the

noises were uncorrelated. When normalized to the same resistance

values , the difference in noise was about a factor of 4 in our

geometry.

4. When the flicker noise was expressed in terms of Hooge ’s

cons tan t C , which should typically be between 1x10
3 

— l0xlO we

found tha t it varied between O.15x10
3 

and 8.0x10
3. It is somewhat

doubtful whether such a large variation in ‘C can be a tt r ibu ted to a

bulk e f f ect .

5. We manufactured n—type (Hg ,Cd)Te MI S devices with a gate

electrode i modulate any surface—generated noise and so discriminate

bet~ieen bulk noise and surface noise . The devices gave C—V p lo ts
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that showed a transition from accumulation to depletion (inversion).

The resistance of the devices increased by about 30% when going

from zero bias to depletion. However , the flicker noise did not

change when going from accumulation to depletion. This could b=

exp lained by a surface effect , since the dep leted surface can no

longer interact with the electrons of the (Hg ,Cd)Te . The bulk

theory would require an increase in fl icker noise by about a

factor  2 due to the increase in the device resistance; in the

surface model this factor 2 is just compensated by the decrease in

effective surface area by about the same factor .

6. The fact that flicker noise has been shown to be a surface

3 effect indicates that significant improvement in thc flicker noise

of (Hg,Cd)Te photoconductors should be possible by proper manufactur-

ing and/or by proper surface treatment .

9.2 Recommendations

1. It is recommended to study the contact problem in greater

detail to understand what is going on in “poor” contacts. Th is

is not an urgent practical problem , since it is not difficult to

make “good” contacts consistently,  but it would be of theoretical

interest to understand the mechanism of noise generation in “poor”

contacts better.

2. It is recommended that (Ug,Cd)Te photodetectors be so

constructed that no grain boundary is included in the device. For
41

the relatively small devices presently in use this is not difficult

to achieve .

3. Now that the flicker noise problem in (ll g,Cd)Tc has been

t demonstrated to be surface phenomenon , it would be worthwhile to 
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design the m a n u f a c t u r i n g  process , and/or the surface  treatment in

such a way tha t  the f l i cke r  noise is minimized.



APPENDIX A

We give here a detailed description of all detectors used

In this research . The detectors were fabricated from n—type

Hg
1 

Cd Te crystals with x either ~O.2 or ~0.4. All crystals

were obtained from Honeywell Research Center , Bl ooming ton ,

Minnesota as slices of about 2mm in thickness and lOxlO mm in

area. Crystal #91174—P5 contained grain boundary and was used

to fabricate detectors for grain boundary studies. MIS detectors

were fabricated from crystal 1/ 73V ,21 since it con tained no pi t

holes (see Sec. 8.3). Detectors II 10770—1 and 1~5047O ,S185 were

also obtained from Honeywell Research Center , Blooming ton , Minnesota

for measuring their C values (see Chapter VII).

Tabulation of (Hg, Cd)Te detectors used in this research is

given in Table A.l. All data was obtained at 77°K except other-

wise specified.
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APPENDIX B

We give here the proof of Eq. ~4.2a). Consider a semiconductor

material having an equil ibrium electron concent ra t ion  n and an

equilibrium hole concentration p when not i r radia ted  by l ight .  If

the elec tron and hole mobili ties are i~ 
and p respec t ivel y,  then

the dark conduct ivi ty  c of the samp le is

= e(n p + p p )  (B. l )

Now , le t the samp le be irradia ted uniformly by P wa t t s  of

3 light  consisting of quanta h v .  Let r he the powe r re f lec t ion

coef f ic ien t  of the surface and ~ the quantum e f f ic iency  of the hole-

electron pair production process. Then the number of hole—electron

pairs produced per second is

= 
P(l r) (B.2)

If the electror1s and holes thus created have lifetimes -r
n

and t , respectively , then the steady—state added numbers of

carriers are

t i N  = Q T ti P = Q t (B .3)

where tiN Is the number of added electrons and tiP the number of added
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holes. These numbers of carriers are added to the “dark ’ numbers

N = n AL and P = p AL , where A is the cross section of the
0 0 0 0

sample and L its length.

Now , the dark conductance of the samp le G is given by

N P
A o o AC = ~~ = +

(N ii + P ii )

= e  O U  O~~ (B .4)
- L

hence , the change in conductance due to the light is

e(tiNp + t i P p )
n p

eQ( P t + p t )

= 
p p  (6.5)

L

If the light radiant power P consists of a steady part P
10

and a time dependent part P
1 
sinw

1
t , and considering only the time—

dependent part , Eq. (B.5) gives,

AG = 
en (l—r) 

(p ‘r + p t ) P sine t (B.6)
L
2h v  n f l  p p  1 1

where we have substituted Eq. (6.2) for Q

For small changes in the sample conductance , we have

AR AG
R G

0 0

where R is the dark “resistance ” of the sample , hence Eq. (B.6) 

~~~~~~~~ -—- -- ‘-- ~~~
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yields

2er (1—r)R
AR = — 

2 
° (p t + p t 

~ P1~ lne1t (B.7)
L hu ~~~ p p

and

— n
2
(l-r)2L

4 ( p i  + U~~T )
2 

- 2

2(hv) e (N p + p p )o n  o p

where we have substituted Eq. (B.4) for G( = ) in the last equa—

tion.

Therefore , the spectral density S
R(f) of the resistance fluctua-

tions of the sample due to the modulating light P
1
sinU

1
t IS

s f AR2

R~ ~ 
— 

B

= 
1 K2 L4 ~~n

T
n + 

p ) 2 P~
2 

(h’v)
2
e
2 

(N p + P p ) 4 B

where K n (l—r) and B is the system bandwidth. This proves Eq. (4.2a)
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