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L I S T  OF S Y M B O L S

A gate area

A D photosensi t ive area

C capacitance of MIS device

CD equivalent capacitance of deep dep letion region (in series with C0)

C~ init ial  capacitance (deep dep letion)

C1 final  capacitance (well fu l l )

C0 ‘oxide ’ ( insu la to r)  capacitance

Cvar variable capacitor

Ci  capacitor in series  with detector

d sample thickness

D gate diameter

D’~ detectivity

E~ conduction band edge

E F Fermi level

Eg band gap energy

E~ va lence ban d ed ge

chopper f requency

noise bandwidth

FOV field of view , angle

g amp l i f ier  ga in

Planck ’ s co nsta ri t / 2IT

H BB blackbod y i r radiance at detector

HF labels hig h - f r equency  C-V curve

1s si gnal cu r r en t  at detector

3G thermal ly-genera ted  dark cu r ren t

Spd hole d i f fu s ion  cu r r en t

tunne l ing  c u r r e n t
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L I S T  OF S Y M B O L S  (Cont)
B

hole d i f fus ion  length

LF labels quasi-stat ic  ( low-f requency- l ike ) C-V curve

rn~’ e lect ron effective mass
B

n bulk equi l ibr ium electron density

n~ in t r ins ic  electron density

NA accepto r density
B ND donor density

NSS fast  interface state densi ty

p bulk equil ibr ium hole density

PS holes per unit  area in invers ion layer

q electron charge , absolute value

Qn electron capacity of s torage well

hole capacity of storage well

t~Q signal  charge on detecto r

QB background photon flux

source photon flux at detector

R resis tance

R(X ) responsivity at wavelength A

s sur face  recombination velocity

initial value of s

si  plateau value of s

t time

integrat ion time

At ’ time allowed to eliminate invers ion  layer

Tinj  inject ion time

T 5 storage time

T tempera ture  of MIS device

TBB blackbody temperature
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L I S T  OF S Y M B O L S  (Cont )
p

V voltage

V FB VG at flatband

VG gate voltage with respect  to bulk

VN rms noise in bandwidth Al

V p heig ht of positive peak in pulsed operat ion

V q heig ht of negative peak in pulsed operation

VS rms signal at amp lif ier  output

VT VG at t u r n - o n

V x voltage at detector gate

Vxo voltage at detector  gate d u r i n g  reset

Vy voltage at uppe r plate of Cvar

Vyo voltage at upper  plate of Cvar du ring reset

V 1 VG on accumulation side in pulsed operation

V~, Vç on dep letion side in pulsed operation

W width of dep letion region

W f value of W when storage well is fu l l

W m maximum equi l ibr ium value of W dur ing  C-V measurement

x mole f rac t ion  CdTe in Hg 1..~~Cd~~Te

absorpt ion coeff ic ient

slope of app lied voltage ramp in quasi-s tat ic  measurement
p 

blackbody- to-peak detectivity convers ion  factor

semiconductor  dielectr ic  permittivity

MIS device quantum e f f i c i ency

p ?lg semiconductor  quantum ef f ic iency

A wavelength

A co cutoff  wavelength

A p wavelength  at peak response

‘r p hole l i fe t ime
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L I S T  O F  S Y M B O L S  (Cont)

Trio electron bulk recombination lifetime

bulk generat ion lifetime

Tg ’ bulk generat ion lifetime derived f rom Zerbs t  analys is

~max tunneling-l imited ~~
surface pote ntial

~~~ 
initial surface  potential (deep dep letion)

~ sb su r face  potential at semiconductor  breakdown

A4.5 storage well depth

p

p

p
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Section 1

P E P O R T  S U M M A R Y

INTRODUCTION

This repor t  p resen t s  the r e su l t s  of a p rogram to inves t iga te  the suit-

ab ility of m er c u r y - c a d m i u m  te l lu r ide  (H gCdTe) for  monol i th ic  i n t r i n s i c

foca l p la ne a r ra y s . The approach  is to f a b r i c a t e , tes t , and anal yze  metal-

i n s u l a t o r -s e m i c o n d u c t o r  (MIS) s t r u c t u r e s  on s ing l e - c r y s t a l  HgCdTe . The

wo rk includes both the e5 a luat ion of ex is t ing  technology and the iden t i f i ca t ion

of fundamen tal l imitat ions .

MIS s t r u c t u r e s  are  an essen t ia l  par t of any monol i th ic  in t r ins i c  a r ray

of i n f r a r ed  de tec tors . In genera l , s uch a r r a y s  use as basic  e lements  e i ther

t he c h a r g e - c o u p led device ( CCD) or the c h a r g e  in j ec t ion  device (CID)

s t r u c t u r e , f abr ica ted  on a na r row ba ndgap semiconduc tor . MIS s t r u c t u r e s

• in  the CCD serve  to store and t r a n s f e r  s i gna l  c h a r g e s  wi th in  the a r r a y.  In

the CID they store and t r a n s f e r  charges  and provide  the means  of readout

f r o m  the a r r a y  to the ex t e rna l c i r c u i t . In both types of dev ices  MIS s t r u c t u r e s

wi th  th in  metal  ga tes  may se rve  as the  d e t ec t o r  e l emen t s . For these  r easons

the adequate p e r f o r m a n c e  of MIS s t r u c t u r e s  on na r row band gap  semiconduc tors

is n e c e s s a r y  fo r  the s u c c e s s f u l  ope ra t ion  of any m o n o l i t h i c  in t r i n s i c  focal

plane a r r ay .  Fur the rmore  MIS measu remen t s  provide uni que i n fo rma tion on

mater ia l  and i n t e r f a c e  proper t i e s .

PROGRAM GOA LS

• P Goals of the p rogram can be descr ibed  in t e rms  of the two major

• t asks . The f i r s t  task was to f ab r i ca t e  s ing le-e lement  cha rge  in j ec t ion  devices .

T hey were  to be made on s i n g l e - c r y s t a l HgCdTe selected for  long bulk life-

time , wi th both n- and p- type  doping and a var ie ty  of low dop ing dens i t i e s .
p

• S A N T A  B A R B A R A  R E S E A R C H  C E N T E R 1 - 1
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I S B R C I
The second task was the hea r t  of the program.  The fab r i ca ted  devices

were to be thoroug hl y te s ted and evaluated by measu remen t  of capac i tance

ve r s u s  vol tag e , t r ans ien t capaci tance  r es ponse , and radiometr ic  p e r f o r m a nc e .

These were aided by compute r ized  data acquis i t ion  and reduct ion , In addi-

• t ion , compar isons  with theoret ica l  est imates were  to be made .

Mater ia l  with a 0. 1 eV band gap was or ig ina l l y emphas ized  in th e

program . It is appropr ia te  for  detectors  operat ing in the 8- to 12. 5-sm

spectral band because of its cu to f f  near 12 ~.im. However , du r ing  t he course

of the work , MIS devices on this mate r ia l  were found to have severe ly l imited

per fo rmance  because of in te rband  tunne l ing .  This was shown by theo re t i ca l

• calc ula t ions  conducted at SBRC , and by th e expe r imental r e su l t s of Sec t ion 5.

Subsequent  publicat ion of a paper by A n d e r s o n 1 provided a f i r m e r  quant i ta t ive

estimate of tunne l ing  c u r r e n t s . ( See Section 2 . ) Emphasis  was t h e r e f o r e

shif ted with the consen t  of the Program Monitor , to 5 ~im ma ter ial , in w h ic h

the ba nd ga p is abou t  0. 24 eV .

OVERVIEW

Section 2 outl ine s a tunne l ing  ca lcu la t ion  and p re sen t s  numer ica l

resul ts . It is shown that for  any reasonable  values  of s u r f a c e  potent ia l  and

dop ing dens i ty  i n t erband  t u n n e l i n g  provides  such  a l a rge  da rk  c u r r e n t  in

12 ~m mater ia l  that  a MIS device is not a prac t ica l  means of cha rge  s torage .

In 5 .tm mater ia l  tunne l ing  is gene ra l ly neg lig ible .

Section 3 descr ibes  the exper imental  techni ques used and the prepara-

tion of samples . Of pa r t i cu la r  in t e res t  a re  the common-mode correlated

double sa mp ling method for  detector  signal proc ess ing , and the application

of subs t ra te  inject ion to the measu remen t  of s torage t imes .

Section 4 p resen ts  the r e su l t s  of hig h - f r equency  and quas i - s ta t ic

measuremen t s  of capaci tance ve r sus  gate voltage . The min imum observed

fas t  i n t e r face  state density  on 5 .i.m mater ia l  as measured  by the quas i - s ta t ic

S A N T A  B A R B A R A  R E S E A R C H  CENT ER 1-2
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techni que , is 2 X io h l  cm 2 eV 1 For 12 ~.tm mater ial  it is seen that charges

are supp lied very rapidly to the inve rs ion  layer even at liquid hel ium

tempera ture. This is take n as evidence for  interba nd tunne l ing .

Section 5 provides a discussion of thermal dark currents and presents

resu lts of c apac i t ance -ve r sus - t ime  measuremen t s  in 5 ~m mater ia l. Storage

• t imes between 100 ms and 1 sec are  rout ine ly obtained , and a storage time

of 25 sec was seen in one sa mple . Surface recombina t ion  velocit ies ranged

from IO ~ to less tha n 10 cm/sec . Storage well depths were seen up to 1 volt

with storage capacities grea te r  than lO l l  c a r r i e r s / c m2. Inject ion time was

measured  to be 9 Flsec . In 12 ~im material  no s torage time was seen down

to 200 nsec for  the gate voltages and doping densi t ies  used .

Section 6 covers radiometr ic  measurements  in 5 ~m mater ia l  with a

photogate (MIS) detector . Maximum detectivity at peak wavelength is

7.0 X 10 11 cm Hz~ /watt and quantum efficiency in the semiconductor is

est imated to be 0. 67 .

Finally ,  in Sect ion 7 , conc lus ions  and impl ica t ions  of this  work are

presented .

p

p
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Section 2

C A L C U L A T I O N  O F  T U N N E L I N G  C U R R E N T

INTRODUCTION

Interband tunnel ing may have a major in f luence  on the per formance

of MIS devices under  ce r ta in  condit ions . The process  is i l lus t ra ted  in

Figure  2- 1 for  an n -type  semiconductor  in dep letion . A negative voltage is

• app lied to the meta l gate , producing  a s u r f a c e  potential  
~~ 

a t the insu la to r -

semiconductor  in te r face . When q~ 5 > E g,  where q is the e lect ronic  charge

and Eg is the bandgap,  the top of the valence  band at the su r face  is hig her

than the bottom of the conduct ion band in the bulk . This condi t ion is f r equen t l y

encoun tered in the test ing and operat ion of MIS devices , bu t it allows electrons

to tunnel  hor izontal ly f rom the valence band to the conduct ion  ba nd , as shown

by the a r row in F igure  2 -  1. Assuming  no invers ion  layer is p resen t  init ially ,

the states in the valence band are  ful l , and th e sta tes in th e co nduc ti on band ,

from the su r face  to the depth W of  the dep let ion region , are  empty. When an

electron tunnels  ac ross  the gap it leaves behind a hole , whic h becomes a

member of the invers ion  layer . The e lec t ron , now iii the conduct ion  band ,

• is propelled by the f ield into the neutra l bu lk . The flux of tunne l ing  e lec t rons

is equivalen t to a f lux of holes into the invers ion  layer . For a p-type semi-

cond uc tor in de pleti on th e bands a r e ben t downward , and the minor i ty

elec trons tunnel  toward the s u r f a c e  into the conduc t ion  band . In both cases

tunneling is a source of dark current , contributing to f i l l i ng  of the s torage

well  ( invers ion  layer) .

Tunnel ing c u r r e n t  is a very s t rong  func t ion  of bandgap ,  s u r f a c e  potential ,

and do ping densi ty .  In some cases it can be much grea te r  than any s ignal

cu r r en t  or the rmal  dark c u r r e n t ;  in other cases it can be ent i re ly neg ligible .

Values are calculated in the fol lowing text for pa ramete rs  in the range of

inte rest .
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Figure  2- 1. Condit ion for  Interband Tunnel ing

Note : 3T = tunneling current , ~~ 
su r f ace  pote ntial , E g band gap,

F Ec = co nd uc t ion band ed ge , Ev = valenc e band ed ge , E F =

Fermi level , W = dep letion width . Doping is n -type .

THEORY

The best  available theoret ical  t rea tment  of in te rband tunnel ing  in MIS

devices is that of A n d e r son . 1 From the WKB approximat ion 2 ’ ~ A nderson

calculates the z-component  of the tunnel ing  cu r r en t  J~ as

p = $ ( Z ) 3  V~~ T(k )  d 3k ( 2 - 1 )

where the in tegra l  is over all poss ib le va lues of th e elec t ron wavevector

change k , given by

k = k f -

P
Here k 1 and k f are  the wavevectors of the f i l led  ini t ia l  state in the valenc e

band and the empty f inal  state in the conduct ion  band , respect ively. Elect ron

group  velocity in the z-d i r ec t ion  is
P

1 ~E
v z =~~~~~~
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r~ ~~~~~ 1U~~~t ~~~~~
——-- --

~~~~~~~~~~~ ~5~~~

SBRC ~
• whe re  E is the electron energy.  Also in E quation ( 2 - 1)  is the tunnel ing

probability T(k) which  is evaluated in terms of the electron energy within

the gap. An approximation that is made is

Eg ~~~~~

where i = x , y ,  z

m ’~ = elect ron effect ive  mass along i-axis

P = interband matrix element .

• An average of published values of P according to Anderson ’ is P = 8. 4 x io _ 8

eV cm for Hg CdTe . Af te r  some approximations , a formula  for  J~ is obtained .

The formula in Ander son ’ s paper can be recast  in a form 4 that is

convenient  for numerical  evaluation:

D 1 D 3 ~~~~ (qø 5 -E g / 2 )~ D 2 E g
2

• ~T = 2 exp - (q~ s _ E g / 2 )  ( 2 - 2 )

~ + D2 Eg (q~ s-E g / 2 Y ~D3 /~i~

where  Dl  = 2 . 2299 x 10~~l z
C
~

U1
jou le sec meter

D2 = 4. 4620 X 1046 1
cou l joule mete r

D 3 = 1. 15265 ~ ~~ 
mete r~
farad a

ND = doping densi ty in m~ 3

Eg = bandgap in joules

= sur face  potential  in volts

q = electronic  charge in coulombs

3T = J~ / q  in m 2 sec

In the graphs (Figures 2-2 , 2-3 , and 2-4) in the following text, 3T has been

converted from m 2 sec to cm~
2 sec ~~ . The values of D1, D2, and D3 are

appropriate for HgCdT e only.

p
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NUMERICA L RESULTS

For three d i f f e ren t  bandgaps , t unne l ing  c u r r e n t  is shown ve r sus  dop ing

density in F igure  2 -2  for  a fixed su r face  potential  of 1 volt. It is clear that

~T chan ges by several  orders  of magni tude  for  small changes  in N D and Eg.

Also shown is an est imate of therrnal l y -g e n e r a~ed dark c u r r e n t  f rom E qua t ion

( 5 - 3 )  of Section 5. Tunne l ing  becomes a ser ious  problem onl y ‘.vhen J1 is

approximately equal  to or l a rge r  than  the thermal  dark c u r r e n t , For typica l

dop ing of N D = 5 X i0 14 cm 3 F igure  2 -2  shows that  
~T is p roh ib i t ive l y

• l a rge  in 12 ~im ma ter ial  and neg lig ible in  5 .i.m mate r ia l , In fac t  the 5 ..u-n

mate r ia l  can be doped to more than 2 X 10 15 cm ~ before  
~T becomes

s i g n i f i c a n t .

24 

I

1 6 .  

SUR~~~~P~~~ T I AL

~~~14

~~~12 -

• / ~ /
/ c~

;\, /
/
/ ESTIMATED THERMAL

~ 6 - / DARK CURR ENT
/ A T T ’ 7 7 °K

0 4

2 .

-4 ... I I I ~~~1II

p IO’~ 1014 1015 1016

DOPING DENSITY ND (cm 3I

Figu re  2 - 2 . T u n n e l i n g  C u r r e n t  V e r s u s  Doping Densi ty  for
Three  D i f f e r e n t  B andgaps

p
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Figure  2-3  shows 3-r ve rsus  
~~ 

for  several  values of ND with  band gap

held constant  at 0. 1 eV . (Cutoff  wavelength is X co = 12 . 4 .Lrn . )  3T r ises

rapidly as or ND increases . Large tunnel ing  cu r r en t s  are  seen for

comparatively small su r face  potentials and low dop ing s .

I I I 1 1 1 1  I 1 j J i l l

~~~16.  ‘L~

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1.0 2 3 4 5 6 7 8 10
SURFACE POTENTIAL #s Ivo IIs)

p Fi gure  2 -3 . Tunnel ing Cur ren t  Ver sus  Surface  Potential for
0. 1 eV Bandgap

To study the limitations imposed by tunnel ing on the per formance  of

P MIS devices in 12 ~m material it is hel pful to disp lay the parameters as in

Figure 2-4 . Curves of consta nt 
~ T a r e loca ted on a graph of 

~~ 
versus ND.

It should be noted that  the tunne l ing  c u r r e n t s  have been calculated for the ideal

case of an infinite gate area and a per fec t  semiconductor  crysta l . Irs any

real  device there will be ed ge f ie lds  around the f ini te  gate and dislocations

in the c rys ta l. Both of these will produce locally high potential gradient s ,

and thus  na r rower  ba r r i e r s  to tunne l ing .  Such pote ntial g rad ien ts  may be

P
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AT I . 77~K
DOPING DENSITY N3 1cm 31

Figure 2-4. Curves of Constant Tunneling Current on a Plot of
Surface Potential  Ver sus  Doping Dens ity  for
0 . 1 eV Bandgap

1. 5 or 2 t imes hi g her than the g rad ien t  r ep re sen ted  by the slope of the band

edges at z 0 in Figure 2-1 . The increase in tunneling current in high-

gradient  reg ions may be estimated by the increase  found  f rom Figure  2-4

when ø~ is multiplied by 1, 5 or 2. The result for a given combination of

ND and Ø~ , is that ~T over most of the device area remains  as indicated in

Figure 2-4, but within the small high-gradient regions 
~i’ 

is about lO~

times larger . If h igh potential grad ien t s  occur  over only 10% of the device

area , the average tunneling current will be about iO~ times larger than the

JT shown in Figure 2-4.

The effect of a large 1T on MIS device performance can be cha rac t e r ized

by the resulting storage time T 5. Co n s i d e r  a ty pical example , in which

ND = 1 )< 10 14 c rri 3 and Ø~ = 1 .25 volts. ~T 
from Figure 2-4 is io~~ cm 2

P sec- ’. Taking the factor of io~ increase for non-ideal samples from the

S A N T A  B A R B A R A  R E S E A R C H  C E N TER 2-6
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preceding pa ragrap h , we obta in  JT l~~
16 cm 2 sec 1 With the given ø~

the storage capacity of the well is about  lo l l  cm 2 . W e def ine  s t o rage  ti me

crudely as the time requ i red  for  the well to f i l l  at the rate ~T. (A bette r

definition is given in Section 3, ) The r e s u l t i ng  s t o ra g e  t ime is 10 p .sec.

The cycle time or in tegra t ion  time of the device would th e r e f o r e  have to be

less than 1 p.sec or poss ib ly less  th an 1 00 nsec . Storage time becomes even

shor ter  if N D or 
~~ 

i s i n c r e a s e d. On the other  hand , it is not pract ical  to

opera te at lower  ND or 0 6 for  the fol lowing , r easons . F i r s t , Hg CdTe

crystals with ND below 1 X 10 14 cm 3 are  not readily avai lab le , an d in any

case the ef fec t ive  N D at 77 ° K cannot  be reduced be low the i n t r i n s i c  concen-

t ra t ion  r~ = 3. 5 X 10 13 cm 3. Second , su r face pote ntial should reach at

leas t 1 vol t t o a s s u r e suf fi c ient s to rage ca paci ty an d oper at ing f lexib i l i ty .

A no th e r cons ide r at ion i s tha t a mar g in of sa fe ty is n e c e s s a r y  in the choice

of ND and 
~~ 

because of the ext reme sens i t iv i ty  of JT to these  and other

parameters . It mus t  be a s sumed  that ~T is lar g er by a fac tor  of perhaps

th an p rev iousl y calculated to ensure  that tunne l ing  remains  insi gn i f i can t .

In the above examp le 
~T 

then becomes 10 19 cm 2 sec~~~, and T5 may be as

short as 10 nsec . The c o n c l u s i o n  in gene ra l  is that s torage  t imes , as l imited

by tunneling c u r r e n t s  alone , a r e  so short in 12 p.m HgCdTe that no MIS device

P can serve as a practical charge storage element,

Storage time is a lso a f fec ted  by th er ma l l y - g e n er a t e d  dark c u r r e n t  J~~.

It is estimated that at 77 ° K , J
~ 

is about l O l S  cm 2 sec~~’. This is smaller

p tha n the probable 3T’ so th at tu n n el i n g  is the prima ry limitat ion to s tora g e

time , and the above discussion need not be modified to account for thermal

dark current .

To cons ide r  operat ion at lowe r t e m p e r a t u r es , we requ i re  that E g

remain at 0. I eV . In other words , the HgCdTe alloy composition must be

chosen  to give E g = 0. 1 eV at the specified operating t e m p e r a t u r e . The

tunne l ing  c u r r en t s  in Figure 2-4 will therefore remain unchanged . Hence ,

the tunneling-imposed limitations are not removed by a reduc t ion i n

t empera ture .
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It should be noted that because of the approximat ions  requ i red  in the

derivat ion of Equation (2 - 2 ) ,  and because of the extreme sens i t iv ity  of ~T
to input parameters , the calculated values of ~T may eas i l y be in e r ro r  by a

factor  of 10 or possibly 100 . Such e r r o r s , h owever , would not s igni f icant ly

al ter  our conc lus ions  on the impract ica l i ty  of MIS s torage  elements in 12 p.m

material,

One re f inement  of the above d i scuss ion  would be to cons ider  the t ime

dependence of ~~ as the well f i l ls . This is quite comp l ica ted , h owever ,

because the l a rge r  values of ø~ and 
~T are  never actual ly real ized . This is

because the s torage  well is ini t ial ly crea ted by a step in gate voltage with a

n o n z e r o  ri se time. The su r f ace  potent ial  begins  to r ise in proport ion at the

sa me ra te. However , before  ø~ reac hes its theore t ica l  empty-wel l  (maxi-

mum) value , 3T can become la r g e  enou g h to f i l l  the well as fas t  as new

storage capacity is crea ted . The re fo re  ~~ inc reases  no more , A f t e r  the

gate voltage ste p levels off , ~~ fa l ls  due to cont inued  tunne l ing  and thermal

dar k cur r ent s. Eventual ly ø~ becomes so small that tunne l ing  is neg ligib le ,

and the remaining well capacity is f i l led more slowly by the rmal  dark c u r r e n t

a lone . (At this point it is in te res t in g  to note that the remain ing  well capacity

could be used to collect photogenerated charges , as in a photogate detector ,

but the quantum ef f ic iency  would be low and the cycle time would have to be

short ,
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Section 3

E X P E R I M E N T A L  M E T H O D S

P R E P A R A T I O N  OF SAMPLES

MIS devices were prepared  on HgCdTe with 5- and 12-p.m cutof f

wavelengths , and n- and p- type  doping , u s ing  both thick and th in  wafe r s .

The structure is shown in Figure 3- 1 and the process is outlined below.

METAL
GATE   

INSULATOR
I 1 /

L _ _ _ _  J ~~— PASS IVAT ION
DEPLETION PASS IVAT I ON
REGION HgCdTe 

.._— (OPT IONAL) 
r flflfl r f l t~~flfl.r 

-. - a— E POX Y
SAPPHIRE

Figure  3- 1. MIS S t ruc tu re

An annealed and polished wafer is epoxied to a sapphire substrate .

If the sample is to re ta in  the o r ig ina l  15-mil  th ickness , th e ex posed s u r f a c e

is then passivated. For thinner samples , the wafer is first lapped and

polished to less than 1 mil , then pass ivated . (Also , th e s u r f a c e  aga ins t th e

sapp hire  is pass ivated pr ior  to epoxy ing in the case of th inned  samp les .

Upon the passivated surface , a layer of ZnS, usually 3700A , is

deposited to serve as an addi t ional  insu la tor  and an a n t i r e f l e c t i o n  coat ing .

This layer is thin enough so that the total device ca pac it ance , the q.iantity

measured  d i rec t ly ,  is se nsi t ive to cond i t ions  in the semiconduc to r . Yet  it

S A N T A  B A R B A R A  R E S E A R CH C E N T E R  3 - 1  
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is thi ck enoug h to provide 88% t r a n s m i t t a n c e  at A S p.m , the approx ima te

wa~~~length  of peak r e sponse  for  our de tec tor  samp les . The max imum of

a n t i r e fl e c t i o n , name ly 95% t r a n s m i t t a n c e , occu rs at A = 3. 5 p.m.

Metal gate s a re  nex t deposi ted on the ZnS . The wafe r is s l iced in to

1 0 0 -m i l - s q u a r e  chi ps , and  each  c h i p is cemented to a t w e l v e - p i n  TO-S

h eader . Each chi p bears  several  gates , ca l led do t s . Contac t  to each dot

is throug h a gold wire  at tached with s i lver  epoxy . Con tact  to the semi-

conductor is via indium solder .

Most of the gates are circular , 25 mils in diameter . On samp les

for  rad iomet r ic  measu reme nts the gates  are  Ni b O A  th ick  with  a s m a l l e r

do t of the usua l ga te metal  in the cen te r  fo r  contac t .

CAPACITANCE M E A S U R E M E N T S

Most of the t e s t i n g  of MIS devices  c o n s i s t s  of m e a s u r i ng  capac i t ance

in th ree  d i f f e r e n t  modes . F i r s t  of al l , h i g h - f r e q u e n cy  s m a l l - s ignal

ca pacitance is measu red  us ing  a PAR 410 C - V  p lot ter . The voltage of the

metal gate relative to the HgCdTe bulk is va r i ed  whi le  c a p a c i t a n c e , as

determined by response to a 10 my, 1 MHz s ine  wave , is r e c o r d e d . The

curves thus obtained are labeled in Section 4 by HF.

The second mode of capac i t a nc e m e a s u r e m e n t  is known  as q u a s i -

static . 6 Direct current is recorded in response to a slow , linear ramp of

gate vol tage . Q u a si - s t a t i c  c u r v e s  in Sec t ion  4 a r e  labe led  by ‘ L F (because

in shape they r e semble  capac i tance  as measu red  wi th  a l o w- f r e q u e n c y  s ine

wave) .  The c i r c u i t  used is shown in Fi g u r e  3-2 . A r amp  vol tage V( t ~) - V~ + ~ t

is app lied to the gate of the MIS capa c i to r , c a u s i n g  a c h a r g i n g  c u r r e n t  1(f)

to flow . 1(t) = a C ( t )  because  the opera t iona l amp l i f i e r , via feedbac k , holds

its negative inpu t  t e rmina l  at v i r t ua l  g r o u n d . Because of the very  hig h input

impedance of the operat ional  amp l i f i e r , the  ful l  charging current flows
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V~tI . V 1 + al l I U__ .___J
LINEAR V t~ Y TO RECORDER
VOLTAGE ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

F i g u r e  3 -2 . C i r c u i t  f o r  Q u as i - S t a t i c  C a p a c i t a n c e  M e a s u r e m e n t s

t h r o u g h  the f e e d b a c k  r e s i s t o r  R . T h e r e f o r e , a vol tage V 0 (t )  = - a R C ( t )  ap p e a r s

at the output. The app lied ramp and the amplifier output go to the X and Y

i n p u t s , r e s p e c t i v e ly ,  of a c h a r t  r e c o r d e r . S ince  the  r a m p  is l i n e a r , a is

constant and changes in V 0 represent changes only in the device capacitance .

Als o, for data reduction only the fractiona l change in V 0 is impor t a nt , not

the sign or tota l magnitude . BeLause the smallest changes represent currents

on the order of 10 - 13 amp, the dewar is speciall y designed to minimize

current leakage , and the dewa r and instrument leads are carefully s h i e l d e d .

The quasi-static method is very useful for the determination of a very

i m p o r t a n t  p a r a m e t e r  of MIS dev ices , n a m e ly the fas t  in t e r f a c e  s t a t e  d e n s i t y

Nss. Un d c r  ou r  imp l e m e n t a t i o n  of the  me thod , the  s e n s i t i v i ty  of Nc~~ is about

2 )< 10 10 crn 2 eV~~ over  a l a r g e  p o r t i o n  of the band gap ,  a s s u m i n g  the

i n s u l a t o r - s e m i c o n d u c t o r  i n t e r f a c e  u n d e r  the gate is l a t e r a l ly homogeneous.

The method is c o n v e n i e n t  to c o m p u t e r i z e  so tha t  a comp lete N5~ cha rac t e r i za -

t ion  of ma ny samples may be made w i t h o u t  l abo r ious  m a n u a l  ana ly s i s . A l s o

in the range  f rom accumula t i on  to the onse t  of i n v e r s i o n , t he dis pe r s i o n

be tween the m e a s u r e d  q u a s i - s tat ic and hi g h - f r e q u e n c y  ca paci tance curves

p rov ide s  a d ir e c t  d e t e r m i n a t i o n  of NSS w i t h o u t  r e c o u r s e  to ideal  c h a r a c t e r i s-

t i c s . Thus , an  i n d e p e n d e n t  check  on Nss is provided . F u r t h e r m o r e ,

in t eg ra t ion  of the quas i -s t a t i c  capac i t ance  cu rve  f r o m  a c c u m u l a t i o n  to

i n v e r s i o n  via the Berg lu n d 7 method provides  an a c c u r a t e  d e t e r m i n a t i o n  of

the s u r f a c e  potent ial  as a f un c t i o n  of the gate voltage — also  read i l y computer-

i zed .
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Bo th the h i g h - f r e q u e n c y  and the quas i - s t a t i c  m e a s u r e m e n t s  are done

w ith the aid of on - l i ne  data p r o c e s s i n g  and p r in tou t  u t i l i z i n g  an HP 982 5

com puter  and an HP 3052A automat ic  data a c q u i s i t i o n  sys tem (see  F i g u r e  3-3) .

Ca lcu la t ion of ~~~~ u s e s  a com par i son of quas i - s t a t i c  l o w -f r e q u e n c y  and

I M h z  hi g h - f r e q u e n c y  C - V  measu remen t s . The data a re  a c q u i r e d  by an

au t o r a n g i n g  DVM and m u l t i c h a n n el  s c a n n e r  and then  p roces sed  by the

compu t er . The sys tem then p r i n t s  out on an x-y p lo tte r v a r i o u s  s u r f a c e

p rope rty  d iagnos t i c  i n fo rma t ion  on comma nd . One of these  is a d i r ec t  p lot

of su r face  s tate dens ity  as a f u n c t i o n  of the s u r f a c e  potent ia l  w i th in  the

ba ndga p. The abil ity to make these rapid c h a r a c t e r i z a t i o n s  of the e l ec t r i ca l

• s u r f a c e  c o n d i t i o n s  has been a key f e a t u r e  in the e v a l u a t i o n  of MIS dev ices

on this  p rog ram .

• -5... I

•
~~~~~~~ 

a.

P 
~~

J
~

5

1rlllIt:;:ii;1iiuip /

p

P 7 7 - 6 - 7 1

F i g u r e  3 -3 . A u t o m a t e d  Data A c q u i s i t i o n  Sy s t e m for
MIS C - V  M e a s u r e m e n t  and Ana ly s i s

p
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The th i rd  mode in which capac it ance  is measu red  is by t r a n s i en t

res ponse to a gate vol tage  s tep,  as shown in F igure  3-4 . Ga te vo ltage is

repeatedly s tepped between V 1 and V 2 , the bat ter  c o rr e s p o n d i n g  to inve rs ion

under  eq u i l i b r iu m  cond i t i ons . In i t i a l l y ,  however , t h e condi ti on is not

equ i l i b r i u m , bu t deep dep letion with  no i n v e r s i o n  layer . The lack of an

invers ion  layer is r ep re sen ted  as an empty s torage well . We measu re  hig h-

f r equency  capac i tance  v e r s u s  time , the C - t  curve , as th e wel l  f i l l s  by dark

cu r ren t mec ha n i s m s .

From the C- t  cu rve  one obtains s to rage  t ime T 5, as def i ned in F i gu r e

3 - 4 ( cL  A c o m pu t e r  ana ly s i s  of the C - t  c u r v e  by the Z e r b s t  method y ie lds

a va r ie ty of i n f o r m a t i o n , as exp lained in Sec tion ~~~.

Po

~~Iv

Assu:L: n

~

YPE AccuMu

~~

1io

~

C 

-

~~

TI~ t I

CW 

~

Figu re  3-4 . T r a n s i e n t Capac i t ance  M e a s u r e m en t . (a ’) ( - V  c u r v e
s h o w i n g  gate vol tage  steps ; (b ’) ga te  vo l t age  v e r su s
time ; (c ’)  h ig h - f r e q u e n c y  capaci ta nce v e r s u s  t ime ,
s h o w i n g  st o rage t ime T 5.

P
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TECHNIQUE FOR SHORT STORAGE TIME MEASUREMENT

Storage t imes are  usual ly obtained f rom C-t  curves acquired  by the

PAR 410 C - V  plotte r , but this i n s t rumen t  cannot resolve events fas te r than

1 msec .

To measure  or sea rch  for  s torage t imes less  than about 1 msec , a

subs trate in jec t ion  technique  (Fi gure  3- 5) is used . The voltage app lied to

the gate is per iodical ly switched between V 1 and V 2 , w h ere  V 1 is su f f i c i en t l y

positive ( for  n -ty p e  samp les)  to el iminate the inve r s ion  layer and V 2 is

su f f i c i en t ly nega tive to es tab l i sh  ini t ial ly a deep dep le tion region . For eac h

step a spike appears  on the output . The positive and negat ive spike amp li-

tudes V~ a nd V q~ res pec t ive ly ,  a re measured  on an osci l loscope with a

hig h sens i t iv ity  Tektronix 7 A l 3  d i f f e r en t i a l  compar i tor  pl u g - i n  uni t  as L~t

is va ri ed . V~ r ises  with i n cr e a s i n g  ~ t and levels off at ~ t ~~T 5, the s tora g e

time .

MIS

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(al

POLARITY ASSUMES fl-TYPE
ACCIJ M.

$ 
IN :~ E 1 DEPLEI~~~~~f 1................. 

(5

OUT (C)

CONTRIBUTION ~~~
“

t~SLLLL. ~~

GREATLY
MAGNI HED _ _ _  I CYCLE

Figu re  3-5 . Schematic of the Substrate  In jec t ion  Techni que for the
Measu remen t  of Short  Storage Times:  (a) C i r cu i t ,
(b) Input to Gate , (c)  Output  Signal  Ac ros s  the Load
Res i s to r , (d) Invers ion  Contr ibut ion  to the Output
Signa l. V~ Changes Going f rom ~~t < T 5 to A t > T 5.
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To exp lain the observed V~ one must  cons ider  the flow of charges  as the

invers ion layer bui lds , Immediately fol lowing the gate voltage step to V 2 ,

the dep letion region is wide and an invers ion  layer  does not exist . As dark

cu r ren t  mechan isms  genera te  e lect ron-hole  pairs , most of the holes col lec t

at the insu la to r - semiconduc tor  in te r face  to fo rm the invers ion layer . The

cor responding  e lectrons  go ei ther of two ways:  some to neu t ra l ize  ionized

donors at the ed ge of th e de pletion reg ion , the reby reduc ing  its width , and

others  out of the subst ra te  and throug h the load res i s tor . Since plates of a

ca pacitor must  bear equal  and opposite charges , the pulse  gene ra to r  (the

gate voltage supp ly) sends one e lec t ron to the gate for  each one leaving the

subs t ra te . Thus , both the charge  and the capacitance of the MIS device

increase  while its pote ntial d i f f e r e n c e  is held constant . The in tegra ted

P c u r rent  out of the subs t ra te  is r ep re sen ted  by the shaded area -AQ in

Fi gure  3 -5 (d ) .  Since th e ne t c h a r g e  ga ined  by th e device over eac h cy c le

mus t be ze r o , a c h a r g e  -+-AQ mus t  f low th roug h the  load r e s i s t o r  whe n the

gate voltage steps back up to V 1. This cons t i tu tes  the spike a rea  of F igure

3 - 5 ( d ) .  The inversion contribution is superimposed on the currents  due to

c harg i ng and discha r g i ng of th e ‘ ox ide ’ ( i nsu la to r )  capac i t ance  to give the

signal  of F igure  3 - 5 (c ) .

When At is much  less  than the s to rage  t ime T 5, the i nve rs ion lay er is

a lmos t empty and AQ is very  sma l l . As ~~t i n c r e a s e s , AQ inc r eases , unt i l

At ~~T5, afte r which  the i n v e r s i o n  baye r  is fu l l  and AQ can i n c r e a s e  no more ,

Thus V~ r ises with i n c r e a s i n g  ~~t and levels off  at At ~~T 5. \‘~ can be cal led

the in ject ion peak heig ht .

As a test  T5 was measu red  by bo th the  p r e s e n t  method and by the u s u a l

C- t  curve  for a SiO 2-Si samp le wi th a s u f f i c i e n t l y long T 5. R e s u l t s  a re

shown in F igu re  3-6 . The C- t  cu rve  was photograp hed on an osc i l loscope ,

digi t ized , a nd l inea rl y t r a n s f o r m e d  to match  the other cu rve  at ~~t = 0. 5

and 1 . 8 sec . Both are  f la t  above about  I . 5 sec , A p p lying an arbitrary

c r i t e r i o n  of 90% of capaci tance r i se  to d e f i n e  s to rage  time , T 5 - 1. 1 sec

S A N T A  B A R B A R A  R E S E A R C H  C E N T ER 3 - 7
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1. 62 , 
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F i g u r e  3-6 . In jec t ion  Peak Height  V~ and Capac i tance  V e r s u s
Time fo r  a Si MOS Device

6
f rom the C - t  curve , Nea r t h is ti m e t he in jec ti on pea k p lot shows maximum

negative cu rva tu re , which  we may take as the c r i t e r i o n  for  loca t ing  T 5 f rom

an injec tion measu remen t  in the absence  of a C - t  m e a s u r e m e n t .
P

The m i n i m u m  o b s e r v a b l e  s t o r a g e  t ime is 2 00 n s e c , de t e r m i n e d  by im-

pedance misma tches  in the dewa r leads , The RC time c o n s t a n t  of the device-

with- load res i s to r is onl y 5 nsec for  a typica l  device capac i tance  of SO pf , and

P the gate voltage r i se t ime  is S nsec , so these  are  no t l i m i t i n g  f ac to r s ,

The shape d i f f e r e n c e  of the c u r v e s  in F igure  3-6 is not s u r p r i s i n g ,

because  the dependence of V~, on At is qui te  comp l i ca ted . ~ Th e c hange  in

p V p is not s imp ly p ropor t iona l  to capac i t ance . There  a re  at leas t  th ree

reasons  for  th i s :  1) AQ depends  n o n l i n e a r l y on the ac tual  i n v e r s i o n  layer

cha rge , 2) in addi t ion  to the change  of capac i t ance  d u r i n g  At , ca pac i tance

also  changes  rapidl y d u r i n g  the s tep f r o m V 2 to V 1. and 3 ’) the shape of the

output  spike is modi f i ed  by c i r c u i t  t ime cons t an t s .

S A N T A  B A R B A R A  R E S E A R CH C E N T E R
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Inject ion time Tinj is a device parameter  which can be measured  by a

modif icat ion of the above technique . Tj nj  is def ined as the min imum value

of At’ , ident i f ied  in F igure  3-5 (b) , necessary  to el iminate the invers ion

layer . Details of the measu remen t  of T inj  are  given in Section 5 (Inject ion

Time) . For storage t ime measurements , we simply r equ i r e  a consta nt

va lue of At ’ of the same order of magni tude or gr ea t e r  tha n Tin j . Ofte n At’

is set at 1 p.sec. If At’ is not long enough, then V q will vary with At , because

the degree to which the inve r s ion  layer  empt ies  d u r i n g  At’  depends on the

degree to which it fills during At. A co r r e spond ing  cha nge in the magni tude

of V~ will also occur . This effect can be cancelled by taking the difference

V~ - V q.

There fo re , s torage time is de te rmined  with the injection technique

by p lot t i ng (V p~ V q ) v e r s u s  At and locat ing T 5 where  the p lot shows the

grea tes t  cu rva tu re  j u s t  pr ior  to leveling off .

RADIOMETRIC TECHNIQUE

F igure  3-7 shows a block d iagram of the appa ra tus  used for  rad iometr ic

measu r ements . The MIS device is mounted on a TO-5 header  (not shown) ,

which  is s ecu re l y clamped with good t h erm a l  cr ~ ’~t~~r’t t r~ th~ hn t tr s m r~f the

liquid n i t rogen  rese rvo i r  of the dewar . The device is e lec t r i ca l ly iso la ted

from the header base and dewa r . It is su r rounded  by a small  co ld - sh ie ld

with an uncoated Ge window of 45~~ t r ansmi t t ance. Out side th e s h ield a

cold ape r tu re  es tab l i shes  a 9. 5 ° f ie ld  of view ( f f 6 , 0). Given this a p e r t u r e

an d th e Ge wi ndow , the back ground  f lux  at the device is QB = 5. 3 x 10 13

ph otons sec~’’ cm 2 be tween  th e l~ 8-p.m Ge cu to f f  and a typ ical 5. 2-p .m

p sample cutoff , On the oute r cap of the dewa r is an I R t r a n - 4  window wi th

6q0~, t r a n s m i t t a n c e . The in f ra red  source  is a 500 ’ K blackbod y with a

square -wave  chopper . The MIS device is a l ternatel y switched between

accumula t ion  and deep dep letion at a rate f a s t e r  tha n the choppe r f r equency .

p S A N T A  B A R B A R A  R E S E A R CH C E N T E R  3-9
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(300 K )

F igure  3-7 . Block Diagram for  Radiometr ic  M e a s u r e m e n t s

Cor r ela ted doub le sam p ling is the s igna l  p rocess ing  method used .

Ident ical  e l ec t r i ca l  s igna ls  are appl ied to the MIS device and to a var iable

ca paci tor  (F i g u r e  3 - 8 ’) . The output  of each is p reamp lif ied by a FET in the

dewar , be f ore going  t o the a mp l i f i e r , w h ich  is de s igned  for  very hig h

co mmon-mode  re jec t ion . If the v a r i a b l e  c apac i t o r  is ad jus ted  to ba lance

the MIS device , the s igna l a f t er  the common-mode  stage should conta in  a

minima l level of swi t ch ing  t r a n s i e n t s , It shou ld  re p r e s e n t t h e a moun t of

photo-genera ted  c h a r g e  on the MIS device  col lec ted  s ince  the b e g i n n i n g  of

the i n t eg ra t i on  i n t e rva l .

• F i g u r e  3-9 shows the t im ing  d i a g r a m s . Fi r s t  of a l l , the rese t  pulse

t u r n s  on the two swi tch ing  FETs ( F i g u r e  3 -8) ,  g round ing  V,~, the MIS gate

potential , and V.,, , the potential  on the upper  plate of Cva r . The dc V bias

i s ch osen suc h t hat Vx ° 0 pr oduces dee p dep let ion . Then d u r i n g  the inte-

gra t ion  t ime the gate is al lowed to float . The i n c r e a s i n g  populat ion of the

S A N T A  B A R B A R A  R E S E A R C H CE N T E R  3- 10
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IN 1 1 N2
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MIS
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CAPACITANCE C

V bias 
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Figure  3-8 , De t e c t o r - P r e a m pl i f i e r  C i r c u i t . Only Cvar
is not in Dewar,

10 usec

INJECT f ] _____________

SAMPLE .1~!________________

RESET

RESTORE [1,.............

I CYCLE
(CYCLE IS SHORT COM PARED TO CHOPPER PERIO D. )

Figure  3-9. Amp l i f i e r  and Detector T iming  Diagram
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inversion layer produces a rise in capacitance of the MIS device , causing a

redistr ibution of charge between the device and C 1, The result  is a r ise in

V~ , At  the samp le interval near the end of At the quantity (V~~-V~~) is sampled

and held in the amplifier beyond the common-mode stage . Next the inject

pulse dr ives  V~ su f f i c i en t l y hig h ( for  n -type )  to el iminate the i n v e r s i o n  layer .

To complete the cycle , th e rese t aga i n es tabl i s h es dee p dep letion in the MIS.

The double samp ling involves an addi t iona l measu remen t  of Vx V~~0
and Vy = V~ 0 du r ing th e rese t , In the restore  in t e rva l , which  is nested

with in  the reset  interva l , the qua ntity (V xo Vyo ) is s tored on a capacitor .

It is subs t rac ted  f rom the s igna l  of the  next  Famp le i n t e rva l  in o rder  to

canc el o f f s e t s p rese nt a t th e a m p l i f i e r  i n p u t . The f i n a l  r e s u lt , p ropor t ional

to (V x -V~~) - (V xo Vyo ) ,  is held and pre~ en ted fo r  a fu l l  cycle  to the wave

ana lyze r , which is tuned to the choppe r f r e q u e n c y .  The wave ana ly zer

reads r ms signa l V~ .

The ampli f ier  was ca l ibra ted  by i n se r t ing a small 500-Hz s ine wave in

place of V bias on Cvar. The voltage ga in  g with respect  to V~, or Vx is 66 . 7.

Cal ibrat ion with respect  to cha rge  on the MIS device is done as follows ,

r e f e r r i n g  to F igure  3-8 . Let AQ be the inc rease  in cha rge  on the subst ra te

of the  de ~ r~~~~e since  the  b e g i n n i n g  of the i n t e g r a t i o n  in t e rva l, Then the c h a r g e

on the gate is changed by -AQ. By c h a r g e  conse rva t i on , s inc e the gate is

floating , +AQ must  appear  on the bowe r p la te of C 1, acco mpanied by a

voltage cha nge f rom ze ro  to V~ . T h e r e f o r e
P

AQ = C i  V ,~. ( 3 — 1 )

Effective current on the device is just

I~ A Q/ A t .

Finally ,  in terms of the wave analyze r  read ing  V~

I5( rms)  Cl  V 5 (r m s) / g .  ( 3 - 2 )

p
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Section 4

C A P A C I T A N C E  A N D  S U R F A C E  S T A T E  D E N S I T Y

5-p.m M A T E R I A L

As stated in Section 3 , MIS devices were  prepared  on HgCdTe with  5-

and 12-p.m cu to f f  wave lengths . Re sul ts  of capac i tance  m e a s ur e m e n t s  a re

presented  here  for  both n- and p -type  5-p.m mate r ia l .

F igure  4 - 1  shows an examp le of the c o m p u t e r - a c q u ir e d  C - V  cu rves

ob tained for  S-p .m n -type  mater ia l . The lowe r curve  (HF) is the small-

s igna l  capaci tance  at 1 MHz and the upper  (LF)  is the quas i - s t a t i c  capac i t ance .

The sweep d i rec t ion is r ig ht to lef t , (Samp le t empera tu re s  a re  77 ° K un less

stated otherwise . ) Our com pute r analys i s  of these cu rves  g ives N D = 2 . 0 x

10 14 cm ’3  wi th a dep let ion width W m max imum of 1. 2 p .m . and it y ie lds

the p lot of f a s t  i n t e r f a c e  state dens i ty  NSS shown in F i g u r e  4-2 . The min i -

mum NSS is 2 >( lO l l  cm ’2  eV ’~~.

The c o m p u t e r  analy s is  a lso  p rov ides  the p lot in F i g u r e  4 - 3 . The

experimental  qu a s i - s t a t i c  capac i tance  (dotted cu rve)  is compared  wi th  the

idea l (solid cu rve) .  The ideal curve  is a s y m m e t r i c . Thc ~ymmct ry  of the

exper imen ta l  c u r v e  ind i ca t es  some d e g r e e  of l a t e ra l  i n h o m o ge n e i t y  of the

insu l a to r - semiconduc to r  i n t e r f a c e  under  the gate . A lso , ma tch ing  of the

two cu rves  in i n v e r s i on  and accumula t i on , w here  capac i t ance  equals  the
6

“ oxide ” ( insu la tor)  capac i tance  C 0, is t he means  by which  the computer

determine s the addi t ive cons tan t  in the Berg lund i n t eg ra t i on 7 to get s u r f a c e

potential . Another  resu l t  is the plot of s u r f ac e  pote ntial  v e r s u s  gate vol tage

• in  F igure  4-4 . Zero  s u r f a c e  potent ia l  locates  the f l a tband  vol tage :  -R . 4

volts .

P
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F i g u r e  4 -1 . Capac i t ance -Vol tage  Plot for  S-p .m n -T ype MIS Samp le
Th icknes s  = b 5 mi ls , N D 2 , O x  10 14 cm~’3 , T = 77 ° K ,
FOV = 0 0 . Curve  HF is hig h - f r e q u e n c y  ( 1 MHz )
capac i tance . LF is l o w - f r e q u e n c y  ( q u a s i - s t a t i c )
ca paci tance wi th  ramp onl y (no s ine wave)  app l i ed .
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P F i g u r e  4 -2 , Fast In t e r f ace  State Dens ity  V e r s u s  Sur face
Potent ia l  Der ived  f rom the Curves  of
F i g u r e  4 - 1
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Figu re  4 -3 . Quasi -Sta t ic  C a p a c i t a n c e  V e r s u s  S u r f a c e  Potent ia l
Der ived  f r o m  the C u r v e s  of F i g u r e  4- 1
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F i g u r e  4-4 . Su r f ace  Potent ia l  V e r s u s  Gate Vol tage Der ived  —

f rom the Curves  of F igure  4- 1
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A n o t h e r  5-p .m o-type  sample is s h o w n  in  F i g u r e  4 - 5 . N D is ‘~~. ‘~ - 10 14

cm ”3 . M a x i m u m  W m is 0 . 7 p .m and m i n i m u m  N SS is 4 / 10 1 1  cm 2 eV

In both this  and the samp le of F i g u r e  4- 1 m a x i m u m  hy s t e r e s i s  be t ween  th e

f o r w a r d  and r eve r se  sweep d i r e c ti ons i s 0 , 4 volt ,

HgCdTe 2-144 -4H -8-9
80

LF

~~-20~~~~~~~~~~~
’5 

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

HF 

GATE VOLTAGE

F i g u r e  4 -5 . C a p a c i t a n c e - V o l t a g e  Plot  fo r  S-p .m n - T ype MIS Sample
T h i c k n e s s  = 15 mi l s , N D = 6 . q x 10 14 cm ”3 , T 77 ° K ,

‘ FOV 0 . Scale Facto r of LF Curves  is A r b i t r a r y .

F igu re  4-6 shows expe r imen ta l  C-V  c u r v e s  fo r  a 5-p.m p -ty p e  s a m ple .

The LF magni tude  is a r b i t r a r y , an d the dip wi l l  scale down by n e a r ly a f ac to r

of two when LF and HF co inc ide  in a c c u m u l a t i o n , NA is ~~~. 5 X 10 14 cm ’ 3 .

Max imum W m is 0. 7 p.m and m i n i m u m  ~~~ is 1. 5 / 10~~ cm 2 eV 1 . Fi g u r e

4-7  g ives  NSS computed  f r o m  the LF curve  swept  f rom i n v e r s i o n  to accumu-

lat ion .

Some of the s amp les wi th s m a l l e r  t han  u s u a l  ga te a reas  developed an

i n s t a b i l i t y  wi th  r e s p e c t  to c o n t a m i n a nts f r o m  the  a t m o s ph e r e , as  i l l u s t r a t e d

in F igu re  4-8 , In i t i a l l y the HF and LF c u r v e s  were  ve ry  s imi l a r  to those of

part  ( c ) ,  A fte r s eve ra l  weeks of exposure  to ambien t  a i r , the cu rves  (a)

were  obtained . The spreading of the  HF a c c u m u l a t i o n  i n v e r s i o n  t r a n s i t i o n

indica tes a spread of f l a thand  vol tages  or  an i nc rea sed  N55, The pea k s i n

the LF curve  are  a t t r i b u t e d  to t r aps , e i t h e r  at the in te r face or a shor t

S A N T A  B A R B A R A  R E S E A R C H  C E N T ER
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F i g u r e  4-6 . Capac i t ance -Vol tage  Plot for  5 -p .m p - T ype MIS Samp le
T h i c k n e s s  0. 8 mil , N A = 8. 5 X  10 14 cm 3, T 77 0 K ,
FOV = o ° , Scale Factor  of LF Curves  is A r b i t r a r y .
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Figu re  4 -7 , Fast I n t e r f a c e  State  D e n s i t y  v e r s u s  Sur face  1”-~te nt ia1
Derived f rom the  Solid LF Curve of F i g u r e  4 -6
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GATE VOLTAGE

F i g u r e  4-8 . C a p a c i t a n c e - V o l t a g e  Plots for  5-p .m n - T ype MIS
Samp le with Small Gate Area

p Note : a) A f t e r  s eve ra l  weeks in a i r ;  b ’ af ter  1 hour  vacuum bake
at 100 C; c) a f t e r  14 more hour~- v acuu m bake at 100 0 C;
d) a f t e r  48 h o u r s  r eexposu re  to a i r , Scale f a c t o r  of LF
curves  is a r b i t r a r y.

I
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d i s t a n c e  into the insu la to r , o c c u r r in g  in la rg e n u mb e r s  a t par t i cu lar  e ne r g i e s .

As the Fermi  level c r o s s e s  the t r a p  e n e r g y ,  the t rap  abruptl y f i l l s  or empties ,

con t r i b u t i n g  to the observed quas i -s t a t i c  c u r r e n t . The cu rves  (b) show great

improvement  a f t e r  baking in the dewa r for  1 h our at 100 0 C , but a hint  of the

t raps  remains . An add i t ional  14-hour  bake at 100 °C y ie lds th e cu rves of

part  ( c )  with excel lent  inte r face proper t ies . Finally ,  4 8 hours  of ex po s ur e

to ambient  air  deg rades  the i n t er f a c e  as shown in part  (d ) ,  Both the HF and

LF curves  in (d) appear  to be propor t iona l to the sum of the co rre spond ing

c u r v e s  of part s  (a )  and (c) .  T hus  in part  (d ) , a f r ac tion of the in t e r f a c e  area

under the gate has returned to pre-bake conditions . It is reasonable to

specula te  that the contaminant  is water , and that  the reg ion  most  readi l y

con taminated  is an annu lu s  ex tending  inward  f r o m  the gate pe r imete r . Other

sam ples , wi t h la r g e  gat e a r eas , did not show such  an ins tabi l i ty .

12-p. m M A T E R I A L

For 12-p.m material , Figure 4-9 shows that the HF and LF curves are

nearly identical (LF m a g n i t u d e  ar b i t r a r y) .  The c r y s t a l  is p - type  wi th

NA = 3 x 10 14 cm 3. The rise of the HF c u r v e  in i nve r s ion  is a t t r ibu ted  to

i n t e r b a nd tu n n e l i n g  of c a r r i e r s  as exp lained in Sec t ion  2 .

A s imi la r  HF curve  for  a 12-p.m n - t y p e  samp le with N D = 1 >< 10 14 cm 3

is shown in Figu re  4 - 1 0 . Two addi t iona l  c u r v e s  are  shown for  lower tempera-

tu res , dis p laced downward  for  c l a r i t y . (The in t e r mediate  t e m p er a t u r e  was

obta ined wi th  a probe in the neck of a l iqu id  h e l i u m  d e w ar . ) F i g u r e  4- 11

shows curves at two temperatures for a p-type sample with NA 3 x 1o 14 cm ”3 .

The most s i g n i f ic a n t  f e a t u r e  of F i gu r e s  4 - 1 0  and 4 - l b  is the r ise of

P the capaci tance  in i n v e r s i o n  at 4 . 2 ’~K . This  is s t rong  ev idence  for  in te rband

tunne ling , as t he fo l lowing a rgumen t  shows , The capac i t ance  as p lotted

indica tes the r e sponse  of the samp le t o a sma l l , 1 -MHz  s ine wave . An

equi valent  c ir cu i t  for  the device in inve r s ion  is shown in F i g u re  4 - 1 2 . Since

ca paci tance  in  i nver s ion  r i ses  to roug hl y the same level as in a ccumula t i on ,

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  4-7
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F i g u r e  4-9 .  C a p a c i t a n c e - V o l t a g e  Plot fo r  12-p.m p-T ype MIS Sample ,
Thickness = 15 mils , N A = 3 X l 0~~ cm 3 , T = 77 ° K ,
FOV 0 ° . Curves  HF a re  h i g h - f r e q u en c y  (1  MHz)
ca paci tance . çi.irves LF are  l o w - f r e quency  (q u a s i - s t a t i c)
capac i t ance  with r amp onl y (no s ine wave)  app lied .

HgC4Te 2-8S- 4~( 3 l 2  n-TY PE. 12 i,n’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ RMED A1 TEMP .

42k
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4 -2 0 ‘2

GATE VOLTA G E

Figure 4-10. Capacitance-Voltage Plot for 12-p .m n-Type MIS Sample ,
T h i c k n e s s  = 15 mi l s , N D = 1 x 10 14 cm 3 , T e m p e r a t u r e
Indicated on Curves , FOV = 0
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Figure 4-11 . Capacitance-Voltage Plot for 12-p .m p-Type MIS
Sample , Thickness = 15 mi ls , NA = 3 ~ 10 14
cm 3 , T e m p e r a t u r e  Indicated on C u r v e s ,
FOV = 0
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LAYER )
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SUBSTRATE
Figure  4 - 1 2 . E quiva len t  C i r c u i t  for  MIS Device in

Inversion
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the  e q u i v d l e n t  s t -m i c o n d l l c t o r  t ime  consta nt RC 5 mus t  be s h o r t  compared to

I ~ise c . Thus  .it T 4 . 2 ° K c h . ir g e s  a r e  able  to e nter  and leave the i n v e r s i on

laye r  wi t h i n  t imes  s ho r t  c o m p a r e d  to 1 p .sec. To accoun t  for  these charges ,

t h r e e  c u r r e n t s  mu s t  be cons ide red :  photoexci ta t ion , thermal  g ene rat ion ,

and t u n n e l ing .

F i r s t , ph o t o - c u r r e n ts a re  not expected , because the TO-S header on

whic h the samp le is moun ted is covered with a tig ht metal cap providing a

0~ FOV , The cap ,  h eader , and p robe a re  immersed  in li quid hel ium .

Second , the the rmal ly - g e n er a t e d  dark c u r r e n t  3G is ex pected to be

neg lig ib le  at 4, 2 ° K. For n-type  samp les 1°

= ~n i (~~~~~~ +
~~

_ +
~

-) (4- 1)

whe re  q = magnitude of electron charge

n 1 = i n t r i n s i c  c a r r i e r  concen t ra t ion

L~ ~
- hole d i f f u s i o n  length

ND = donor concen t ra t ion

hole bulk l i fe t ime

W = dep le tion width

s su r face  r ecombina t ion  velocity

An analogous  relat ion holds for  p -type  samp les . A lt houg h mos t para me ters

in E quation ( 4 - 1 )  will change  with t e m p e r a t u r e , the va lue of ~G at low

tempera tures  is overwhelming ly domina t ed by n~. We use the emp i r ica l

formula 5

= ( 1 . 093 - 0. 296x + 0 . 00 0 4 4 2 T) ( 5 . 1 6 ) ( l 0 14 ) E g
4 T~ exp (~~E g / 2 k T )

( 4 - 2)

P where  T = t empera tu re  in Kelvins

E g = ba ndga p in eV

x = the mole f r ac t ion  CdTe in H g 1_ ~~Cd~ Te .

p
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W e ta ke a nomina l x = 0. 20 , so that  A co ~ 13 p.m. Al so  the bandgap 1’ is

0. 094 eV at 77 ° K and 0 . 072 eV at 4. Z~~K. The r e su l t  is

n1 = 5, 3 x 10 13 cm ”3 at 77 ° K

4. 7 X l0~~~ cm 3 at 4 , 2 ° K,

The la t ter  va lue  of i
~ 

is p rac t i ca lly z e r o  so tha t  
~G 0 at 4. 2 ° K .

The third c u r r e n t  is in te rband tunne l ing  in the reg ion  of hig h - b a n d

c u r v a t u r e , as developed theore tica l ly in Section 2 . Tunne l i ng  c u r r en t  
~T

is g iven by E qua tion ( 2 - 2 ) .  The onl y s ign i f i can t  tempe ra ture  i n f l u en c e  on

~T is throug h the bandgap Eg, primarily in the exponent ia l  fac tor . Taking

values of Eg from the preceding paragraph and making reasonable estimates

of other pa ramete r s , i t can be shown tha t 
~T 

increases by roug hly a factor

of 100 on cooling from 77°K to 4. 2°K. Considering this result and the theory

of Section 2 , we conclude  that  t unne l ing  is the mechan i sm that supp lies

c harges  to the i n v er s i o n  layer in l 2 -p .m  mate r ia l , and that  the w e l l - f i l l i n g

t ime-cons tan t  is less than 1 p .sec.

The re fo re , no use ful  well can be es tab l i shed  under  a gate in 12-p .m

material , because if any such well could be formed ini t ial ly empty , it

would be immediat ely f i l l ed by the tunne l ing  c u r r en t . This cons t i tu te s a

fundamenta l  l imitat ion to the use of l ong -wave l eng th  mater ia l  in p rac t i ca l

MIS devices . Further experimental evidence for t h is  limi tati on is g iven

in Section 5.

Another interesting feature in Figures 4-10 and 4-lb is the increase

in the dip of the curve as tempe rature is reduced , The dip at 77 ° l< is deter-

mined by both the doping density and the fast i n t e r f a c e  state densi ty  N SS.

The increase , however , in the dip on cooling to 4. 2 ~K indicates an i nc rease

in the dep letion region width W, This in turn is a resul t  of e i ther  the f r e e z e -

out of carriers or an increase in the i n v e r s i o n  s ur f a c e  potent ia l .

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R 4 - 1 1
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The maximum W is given by (for n -t ype) 12

• /2E~~~ xW m ~ t I  ma (4 3)
V qN~~~

w h e r e  ~s = semiconducto r dielectr ic  permittivity

• 0max t u n n e l i n g - l i m i t e d  su r f ace  potential

ND+ = density of ionized donors

For the p-type case ND4 is rep laced by the ionized accep tor  dens ity  N A ’.

There  is a s t r ik ing  d i f f e r e n c e  of the dip i nc rease  fo r  p -type  (Fi g u r e  4- 11)

compared to n-t ype (F igu re  4 -10 ) ,  This  is a resu l t  of the d i f f e r e n t  excitation

e n e r g ies of donors  and a cc e p t o r s , which  Fi g u r e  4 - 13  shows , 13 The sha l low

levels have been located by l o w - t e m p e r a t u r e  Hall m e a s ur e m e n t s , and the

deep acceptor  level  by l i fe t ime ve rsus  tempe ra tu re  data , The donor level

is so close to the conduc t ion  band edge that  no f r e e z e - o u t  of e l ec t rons  occurs

down to T = 0. 04~ K
14 and ND4 dec reases  on ly sl ig htly. For the n - type

samp le , t he modest  i nc rea se  in the capaci tanc e dip on cool ing to 4. 2 ° K is

• a t t r ibuted  mainly to a small i nc r ea se  in ~max because  of the s u p p r e s s i on  of

the the rma l  c on t r i b u t i o n  to the dark  c u r r e n t . A c c e p t o r  leve ls , on the other

hand , a re  deep  enoug h so tha t  holes  f r e e z e  out  at 4. 2 ° K and NA becomes

small . R e p lac ing  ND~ with NA in Equa tion ( 4 - 3 ) , we f ind  a la rge  de pleti s n

width for  p- type samp les . This exp lains the large  i n c r e a s e  in the capacita nc e

dip in F igure  4 - l I .

_____________  4 
-- -  -I--
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~
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_~~~~~,~;% 0~01 t
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Figure  4 - 1 3 . Impur ity  Ene rgy  Levels Iden t i f i ed  in 0, 1 e\’
Hg CdTe by Means  of Hall  E f f e c t  and Li fe t ime
Studies
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The actual  means of bulk conduction , however , in p-type samples at

4. Z°K is probably impurity hopping. Electrons from the donors fall down to

fill some of the acceptors. Since N D < NA some of the acceptors remain

neutral, This partly-filled “acceptor band” provides conduction as electrons

hop ( tunnel)  f rom one acceptor  site to another . There fo re  conductivi ty does

not go to zero when the holes f r eeze  out . Henc e W m does not become

arbi t rar i ly large as T decreases , and the capaci tance minimum of Figure

4 - 1 1  approaches  a nonzero limit .

p

c

I
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Sec tion S

S T O R A G E  T I M E  A N D  O T H E R  D Y N A M I C  E F FE C T S

STORAGE W E L L  P A R A ME TE R S  A N D  D A R K  C U R R E N T S

When the MIS structure is pulsed into deep depletion , a storage well is

formed . Minor i ty  c a r r i e r s  immediatel y beg in  to fill the well , forming an

inversion layer at a rate dependent on the source currents . Sources of

minority carriers are 1) thermal gene ration in  the bulk , dep le t ion reg ion ,

and s u r f a c e , k n o w n  as t h e r m a l  da rk  c u r re n t ;  2) ph otoexc i ta t ion , as in a

de tector ;  3) t r an s f e r f rom an ad jacent  well , as in CCD ope ra t ion ;  and

4) poss ib ly tunne l ing , as seen  in 12-p.m m a t e r i a l. For s u c c e s s f u l  o p e r a t i o n

as a photogate  de tec tor  or a c h a r g e  s t o r a g e  e l e m e n t , the s t o r a g e  t ime  T 5

(def i ned below) mus t  be long compared to the device  cycle  t ime . Measure-

ments  of c a p a c i t a n c e  v er s u s  t ime as d i a g r a m m e d  in F i g u r e  3-4  provide

i n f o r m a t i o n  on s torage  t ime , wel l  p a ra m e t e r s , and the o r i g i n s  of the  c a r r i e r s.

A l l  our C - t  c u r v e s  ar e  for  0~’ F’OV , 77 ° K back g r o u n d .

C 1 is the in i t ia l  c apac i t ance  fo l lowing  the gate voltage step to deep  de-

plet ion . A f t e r a s u f f i c i e n t  t ime , while  gate vol tage  is held co n s t a n t , the

ca pacita nce r i ses  to its f ina l value Cf .  We de f ine s t o rage  t i me T 5 as the

time requ i red  fo r  c apac i t ance  to r i se  by Q0° of t he d i f f e r e n c e  be tween C f

and C~. The wel l  capac i ty  Q~ ( a s s u m i n g  n -ty pe ) in ho le s  per  u n i t  a rea  is 4

N D E s A~~/C 2 ,~~0
1 . 2 C 0 ~~C i 

- I) - 

~Cf

w h e r e  C0 = “oxide ” ( i n s u l a t o r)  capacitance , measured in accumulation

ND doping density

= s e m i c o n d u c t o r  d i e l e c t r ir  per rn i t t iv i ty

A ga te  area ,

The well  depth A~ 5 is
0. 6 q Q ~~A

1~’ 
( 5 -2 )

‘-~0
where  q = electronic charge .
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Cons ide r ing  dark  c u r r en t s  only,  for  an n- type  samp le with  a c i r c u l a r

15 16
gate , the rate at which the well fills can be written as

dps 1 2n~ L~ 
4s0

= ni~~~ (W-W f)  + ND Tg 
tanh (d/Lp) + S + ~~~ (W-W f) (5-3)

where p~ = inversion layer density , in holes per unit area

Tg = bulk minority carrier generation lifetime

W = time-dependent dep letion width

Wf - value of W when the well is full

= i n t r i n s i c  c a r r i e r  concen t r a t i on

L~ 
-- hole diffusion length

d sample thickness

s - time-dependent surface recombination ‘.-elocity

s0 = initial value of s

D = gate diameter.

Note that the well capacity Q~ of equation (5-1) is the 
limit that ~g approaches

for large time t. With n~ in front of the whole expression in Equation (5-3) ,

each term in the square brackets has units of velocity.

The first term r e p r e s e n t s  the rma l g e n e r a t i o n  of c a r r i e r s  wi th in  the

dep iction region. Every hole in this region is i m m ed i a t e ly swept  in to  the

ir’1~k rsiOn layer by the electric field . The second term is the diffusion

cur - ent due to thermally generated holes in the neutral bulk , The f a c t o r

tanh (d/L~) represents the reduction of this current when the samp
le is

thinned , In t h e f ol lowing d i s c u s s i o n s  bo th of these  t e rms  are called “bulk

sou rces  even thoug h W can be m u c h  s m a l l e r  tha n d ,

The th i rd  and f o u r t h  t e rms  are  c u r r e n t s  due to s u r f a c e  g e n e r a t i o n .

The s u r f a c e  r ecombina t i on  (ac tua l l y ,  g e n e r a t i o n)  v e l o c i t y  s is l a r g e  for  an

em pty well and decreases  with t ime , as ex pla ined  below . The th i rd  te rm

r e p r e s e n t s  c a r r i e r s  p roduced  at the s e m i c o n d u c t o r  s u r f a c e , t ha t  is , the

se m i c o n d u c t o r - i n s u l a t or  i n t e r f ace , i mmed ia t e ly below the gate  area , The

f o u r t h  t e rm is c u r r e n t  genera ted  at the s e m i c o n d u c t o r  s u r f a c e  a round  the

p e r i p hery of the gate . Here the e f f e c t i v e  s is the in i t i a l  s0 because  thi s

S A N T A  B A R 8 A R A  RE S E A R C H  C E N T E R  5-2
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reg ion  is not sc reened , as ex plained below . To be s t r i c t ly cor rec t , the

second and thi rd  terms should be mult ip lied by some dimens ion less  f ac t or wh ich

goes to zero  as W ‘W f, bu t th is c o r r e c tion is neg ligible d u r i n g  most of the

f i l l ing  time .

The terms of E quation ( 5 - 3 )  a re  est imated in Table 5- 1. Pa ramete r s

use d are  typical for  our samples . Ini t ial l y su r f ace  gene ra t ion  under  the

gate is the princ i pal sou rce  of ca r r ie rs , and the sample is said to be

“ s u r f a c e  do minated . “ Late r gene ra t i on  in the dep le ti on r e g i o n  takes over

and the samp le is “bulk dominated . “ The d i f f u s i o n  c u r r e n t  is very  small

for  any th i ckness  d. (This  te rm becomes important  for  T > 77 ° K because  of

t he g rea t  i nc r ea se  of n~, as d i scussed  in the fol lowing subsec t ion . ) Pe r ip h eral

s u r f a c e  cu r ren t , the four th  te rm , is small  for  our samp les because  of the

la rge  diameter  of the gates .

Table S - i . Est imate  of We l l -F i l l i ng  Ra t es by Dark C u r r e n t  Sources
(Mult ip ly each te rm by ni to ge t c a r r i e r s  sec 1 cm 2 ).

I ~eC
DEP1IT ION I
REGION -r

9 
100

BUEK
NEUTRAL 

~ t~nh ld / L p I 0 0 8

AREA init ia l s S0 1000
• UNDER - -

GATE plateau s . s 1 10
SURFACE

PERIPHERY 
~~ ~~~~~ 6OF GATE D

THE FOLLO W ING VALUES ARE USED

10-6 sec s0 - 1000 cm -~ sec

- 1 is s
~ 

‘ 10 cn1 sec

fl~ 10~ cm 3 at I 77K 0 0.064 cm

L~ ‘ 80~im 0 > >  Lp

ND - 2 x 10~
- ’~ cm 3

P

From the exper imenta l  C- t  curve , one can c o n s t r u c t  the Ze rbs t  p lot ,

namely -d/d t (C0/C)
2 versus (Cf/C- i). Assuming thermal dark currents to

be the only source of minority carriers , the dominant kind of dark current

can be determined from the shape of the Zerbst plot. Examples are given

S A N T A  B A R B A R A  R E S E A RCH C E N T E R  5-3
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in the f o ll o w i n g  s u b s e c t i o n. A l s o , by further ana ly s i s  one can estimate the

hulk minority carrier lifetime T g ’ and the time-dependent s u r f a c e  recoT _

bination velocity s. Defining M as the reciprocal slope of the Zerbst plot at

the appropriate abscissa , one finds 17 
-

ni C0
Tg ’ - 2M — — (5 -4 )

N D Cf

w h e r e  C 0 and C f a r e  d e f i n e d  in the second p a r a gr a p h of t h i s  Sec t ion . The

t r u e  bu lk  minor i ty  c a r r i e r  g e n e ra t i o n  l i f e t ime  T~~ u sed  in E q u a t i o n  ( 5 - 3 ) , is

related to t h e  me a s u r e d  l i f e t i m e  T g ’ by 16 
-

1 /T g + 4 so/Dy (5-5)

The second term here is a correction for perip heral surface generation .

For most of our samples this correction is very small so that the measured

Tg ’ is a good approximation to the true T g. From the e x p er i m ent a r C - t

c u r v e  the t i m e - d e p en d e n t  s u r f a c e  r e c o m b in a t i o n  ve loc ity  is ca l cu la t ed  u s i n g  16

1/~~ - l / C ( t )  C 0 N D d 1
s f l  E 5A r ’  - 

Z nj  ~~ (C 2~~~~1 
( 5 - 6)

and 
~o = s( o ) . P a r a m e t e r s  a r e  d e f in e d  above .

The t y p i c a l  v a r i a t i on  of s w i t h  t i m e  is  s h o wn  s c h e m a t i c a l ly in F i g u r e

5 — i . It r e p r e s e n t s  the  rate  at w h i c h  m i n o r ity  ca r r i e r s  a r e  g e n e r a t e d  by

s u r f a c e  m e c h an i s m s . At  f i r s t , when  the  we l l  is empty , s = s0 and car r i e r s

a r e  gene ra ted  at a h igh  ra te . s 0 is p r o p o r t i o n a l to the  f as t  i n t e r f a c e  s ta te

d e n s ity  NSS because  s u c h  s ta tes  a r e  the  g e n e r a t i o n -r e c o m b i n a t i o n  c e n t e r s

w h i c h  t h e r m a l ly produce  c a r r i e r s  at the s u r f a c e . D u r i n g  the  i n i t i a l  i n f lu x

of minority carriers to the well , between t 0 and t - t A in  F i g u r e  5 - 1 ,

the  f a s t  i n t er f a c e  s ta tes  become par t l y f i l l e d  (or  “ s c r e e n e d’ ’) , g r e a tl y

r e d u c i n g  t h e i r  ab i l i t y  to g e n e r a t e  c a r r i e rs , and  s t h e r e f o r e  f a l l s  r a p i d l y.

Ne xt , i n  the  i n t e r v a l tA < t < t B ,  S r e a c h e s  a p la teau  s i .  H e r e  the  w e l l

c o n t i n u e s  to f i l l  and  the  dep le t ion  r eg i o n  c o n t i n ue s  to s h r i n k , bu t  at  s lower
I

ra tes . In g e n e r a l , su r f a c e - g e n e r a t e d  dark  c u r r e n t s  become s m a l l e r  tha n

S A N T A  B A R B A R A  R E S E A R C H  CEN TER 5-4 
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Fi~z u r e  ~~ - i . Schemat i c  of S~~r f a c e  R e cj m o in a t :3 n  Ve l c , c ’.tv
V e r s - ~s T ime . t A ari d t~~~ ~~i r 1-~ C~~a :~~e s , , f

C h a r a c t e r  of  t~~e C- i r v e .

t h o s e  f r o m  h u l k  s o c r c e s . F i n a l ly , f o r  t > t~~, wh.er.  t h e  w e l l  j s  :‘, e ar l v  f~i11 .

a n a l y s e s  of e x p e r i m e n t a l  data g e n e r a l ly  s h o w  s f a l l i r i c  a~~a i r i , ~~~ t h e  t r - ~ e

b e h a v i o r  of s is d i f f i c u l t  to d e t e r m i n e  in  t h i s  i n t er v a l .

S T O R A G E  TIME A N D  Z ER B S T  A N A LYSIS FOR 5 - = m  M A T E R I A L

Fi g u r e  5 - 2  is a C-t  c ur v e  fo r  an  n - ty p e  s amp le w i t h  ND e~ ~ \ 10 14

cm 3 . T 5 3. 5 sec . A c o m p u t e r  Z e r b s t  a n a l y s i s  of F i g u r e  5- ~ is s h ow n

in F i g u r e  5 -3 . It is i m p o r t a n t  to r e m e m b e r  tha t  t ime  as  a p a r a m e t e r  on

the Z e rh s t  p lot r u n s  f r o m  r ig ht  to l e f t , and  tha t  the t r a n s f o r m a t i on  f r o m  t h e

abscissa (Cf/C-i) to time t is n o n l i n e a r . The t i ’n e  i n t e r v a l  of the  n e a r l y -

horizontal segment at the extreme right of the C-t c u r v e  (Figure ‘- .~ ) is
P 

-

c o m p r e s s e d  i n t o  a ve ry  sma l l  i n t er v a l  of ( C f / C - i )  n e a r  the  o r i g i r ~ of the

~~i ’r h s t  p lo t  (F i g u r e  5 -3) .  The p o i n t  at  the end  of the  long , s t r a i g ht s egm e n t

of F i g u r e  ~ -3  n e a r  (C f / C - b )  =- 0 . 17 c o r r e s p o n d s to t 0 on the  C - t  cur v e .

The s t r a i g h t n e s s  of the p lot f o r  0 , 04 < (C f / C - I )  < 0 . 17 i m p l i e s  t h a t  the  tota l

d a r k  c u r r e n t  f i l l i n g  the  wel l  is b u lk - d o m i n a t e d . C o n s i d e r i n g  the  i n s i g n i f i c a n c e

of the expected diffusion from the neutral bulk (Table 5-1 ) it is concluded

that most carriers originate in the dep l e t i o n  r e g i o n . I n s e r t i n g  the recipro cal

s lope  of t h i s  s t r a i g h t  s e g m en t  i n to  E q u a t i o n  ( 5 - 4 ) , we f ind  the  ex p e r i m e n t a l

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R
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F i g u r e  5- 1. Schemat ic  of S u r f a c e  R e c o m b i rsa t i o n  Veloc ity
V e r s u s  Time , ( tA and tB  Mark  C h a n g e s  of
C h a r a c t e r  of the  Curve . )

those  f r o m  bul k sou rces . Final ly ,  for  t > t B, w h e n  the we l l  is  n ea r l y f u l l ,

ana l y s e s  of e x p e r i m e n t a l  data g e n e r a l ly show s f a l l i n g  a g a i n , hut  the t r u e

behavior  of s is d i f f i c u l t  to d e t e r m i n e  in th i s  i n t e r v a l .

S T O R A G E  TIME A N D  Z E R B S T  ANA LYSIS FOR 5-p.m M A T E R I A L

Fi g u r e  5-2  is a C - t  c u r v e  fo r  an n -ty p e  s amp le w i t h  ND - . 10 14

crn ’ 3 . T 5 ~
— 3 . 5 sec . A c o m p u t e r  Z e r b s t  a n a l y s i s  of F i g u r e  5-2  is  s h o w n

in F i g u r e  5 -3 . It is impor ta nt to r e m e m b e r  tha t  t ime  as a p a r a m e t e r  on

the Z e r b s t  plot r u n s  f r o m  r ig ht  to le f t , and  tha t  the t r a n s f o r m a t i o n  f r o m  t n e

a b s c i s s a  (C f / C - i )  to t ime t is n o n l i n e a r , The t ime i n t e r v a l  of the  n e a r l y -

horizontal segment at the extreme rig ht of the C-t curve (Fit~ure 5-fl is

c o m p r e s s e d  into a very  smal l  i n t e r v a l  of ( C f / C - i ’ )  n e a r  the  ori g in of the

Z e rh s t  p lot ( F i g u r e  5- 3 ) ,  The po in t  at the end of the  long , s t r a i g ht s ec me n t

of F i g u r e  5-3  n e a r  (C f / C - b )  =- 0 , 17 c o r r e s p o n d s  to t = 0 on the C - t  cu rve .

The s t r a i g h t n e s s  of the p lot f o r  0 . 04 < (C f / C - i )  < 0 . 17 imp lies that  the total

da rk  c u r r e n t  f i l l i n g  the  wel l  is b u l k - d o m i n a t e d, C o n s i d e r i ng  the  i n s i g n i f i c a n c e

of the  expec ted  d i f f u s i o n  f r o m  the n e u t r a l  bulk  (Table 5 - 1 )  it is c o n c l u d e d

tha t  mos t  c a r r i e r s  or ig inate in t he  dep le t ion  r e g i o n . In s e r t i n g  the  rec i p roca l

s lope  of th i s  s t r a i g ht s e g m e n t  i n to  E q u a t i o n  ( 5 - 4 ) , we f ind  the  e xp e r i m e n t a l

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R 5-5
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• Ho r i zon t a l :  0 . 6 s e c / div  HgCdTe  2 - 1 4 4 - 4 H -2 - i O

Ver t i ca l :  2 pf / d i v

T 5 ~~ 3. 5 sec

= 207 my

Qp 4. lx 10 10 cm 2

ND 6, 9x io I4 cm 3

15 m i l s  thick

T = 77 °K

Figure 5-2 , Capacitance versus Time f o r  5-p .m n-Type
MIS Sample

H g C d T e  2 - 1 4 4 - 4 H -2 - l 0

+

V-5
’

V

~~ . 2

I ~9E II CM/EEC

I I I I  0 IS
(c F/c — fl

F i g u r e  5-3 , Z e r b s t  Plot De rived f r o m  the Curve of F i g u r e  5-2
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bulk minor i ty  c a r r i er  gene ra t i on  l i fe t ime to be T g t 6 . 1 x 10 6 sec , As

shown with Equation (5-5), Tg ’ is a good approximation to ‘T g. To compare

th is t o th e r ecombina t ion li f eti mes , we u s e 17

T g - T~~0 exp [( E r E i )/ k T J +  T no exp ( E i - E r ) / k T =  ( 5 - 7 )

w h ere  ‘r ~ ,-~ r bulk hole r e c o m b i n a t i o n  l i f e t ime

T no = bulk e l e c t r o n  r e c o m b i n a t i o n  l i f e t i m e

E r e n e r g y  of r e co r n b i n a t i o n  c e n t er

i n t r i n s i c  Fe rmi  e n e r g y

k = B o l t z m a n n s c on s t a n t .

The u s u a l  a s s u m p t i o n s  ( c a r r i e d  over f r o m  Si work)  a r e  that  E r = E i and

= ‘rho, If these are true , then Tno T g / 2  3 )K 10-6 sec . The experi-

mental recombination lifetime ( f r o m  the decay of c o n d u c t a n c e  f o l l o w i n g  a

laser  p u l s e)  in an ad jacen t  wafe r  is 1 . 2 x 10-6 sec , which compares well ,

within experimental error .

The a s s u m p t i o n  that E r - E~ , h owever , is not co r r ec t . It is known

tha t  E r < E~ in Hg CdTe . ~~ The second  t er m  of E qua t ion  ( 5 - 7 )  t h e r e f o r e

domina tes . Consequen tly ,  T no < Tg / 2 . Sinc e E r is u n k n o w n , a be t t e r

estimate of Tno is not possible .

One f e a t u r e  of the u s u a l  Z e r b s t  p lots 16 , 17 tha t  is m i s s in g  f r o m

F i g u r e  5-3  is an u p t u r n  at l ar g e r  va lues  of (C f / C -  1) , to the r ig ht of the

long , s t r a ig ht s egmen t. Such an u p t ur n  would  r e p r e s e n t  s u r fa c e - d o m i n a t e d

dark  c u r r e n t  as the well  beg in s  to f i l l , I n i t i a l  s u r f a c e - d o m i n a t io n  p robab ly

does o c c u r  in the p re sen t  samp le , bu t bec ause  of the l a rge  t ime scale of

F i g u r e  5 - 2 , it is not r eso lved. The c h a n g e o v e r  to b u l k - d o m i n a t i o n  is

p r o b a b l y accompl i s h e d  in less  than 100 m sec . The t i m e - d e p e n d e n t  s u r fa c e

recombina t ion veloci ty  derived fr o m  F i g u r e  5-3  is shown in F i g u r e  5-4 .

The va lue  is smal l  and cons t an t  d u r i n g  most  of the s t o r a g e  time . The

shape resembles  F igu re  5- 1 fo r  t > tA. T he s t ee p re g ion at smal l  t , w h e r e

p s is l a rge , is m i s s i n g  because  of the absence  of the above -men t ioned

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  5-7
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F i g u r e  5-4 . S u r f a c e  R e c o m b i n a t i o n  Ve loc ity  v e r s u s  T ime
D e r i v e d  f r o m  the Z e r h s t  Plot  of F i g u r e  5 - 3

u p t u r n  at the end of the Z e r b s t  p lot . Hence , f o r  t h i s  s a m p le (T s - t A ) > >  t A ,

and the sample is said , in g e n e r a l , to be “b u l k  domina ted . “ A lso , f r o m

F i g u r e  5- 2 , u s i n g  E q u a t i o n s  5- 1  and  5 -2 , we f i n d  tha t  the we l l  dep th  -~~-s is

207 m\-~ and the we l l  c a p a c i t y  Qp is 4 . 1 X 10 10 cm 2 . ~~~s is d e t e r m i n e d  by

the small , c o n v e n i e n t  gate  bias s tep app lied and  is not the  m a x i m u m  a t t a in a b l e .

By c o n t r a s t  the  sample of F i g u r e  5 -S  c a n  be sa id , i n  g e n e r a l , to he

“ s u r f a c e  domina ted . “ The r e s u l t i n g  Z e r b s t  p lot is s h o w n  i n  F i g u r e  5-6 .

The s t r a i g h t  s e g e m en t , expec ted  for  the i n t e rva l  w h e n  the  bulk  c o n t r i b u t e s

most  of the c u r r e n t , is ve ry  s h o r t . It o c c u r s  only for  ( C f / C - i )  — 0 , 03 . A l l

the  r e s t  of the Z e rh s t  p lot c o n s i s t s  of the ‘ u p t u r n ” expec t ed  f o r  l a rg e r  v a l u e s

of (C f / C -  I ) ,  w h i c h  r e p r e s e n t s  s u r f a c e - g e n e  ra ted  c u r r e n t s . The s u r f a c e

r e c o m b i n a t i o n  v e l o c i t y  is shown in Fi g u re  5-7 , The i n i t i a l l y l a r g e  s and  i t s

subse quent  dec l i ne  a re  c l e ar l y seen , in con t r a s t  to F i gu r e  5-4 f o r  the

p r e v i o u s  sa mp le . Since T 5 -- 0. 50 sec , we see tha t tA -‘ T 5 12 . Because

o f the i m p o r ta n c e  of s u r f a c e  cu r r e n t s  d u r i n g  most  of T s,  t h e sa m p le is

ca l led , in g e n e r a l , “ s u r face  domina ted .
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Hor izer st a l :  100 ms / d i v  -

Ve r t ical :  1 pf / d i v

T 8 500 ms

= ~~~~~ m y

Q~~ = 4 , 5x i0 10 cm 2

N D 6 . 5x l0 14 cm 3

0 . 5 mi l s  t h i c k

0 ° FOV

T = 7 7 ° K

Fi g u r e  5-5 , C a p a c i t a n c e  v e r s u s  Time f o r  5 -p .m  n - T ype
MIS Sample

H g C d T e  2 - 14 4 - 4 G - 4 -l Z
30

/

12 CM/SEC

(C ,/C  — I )

Fig re 5-c , / . e rb s t  Plot D e r i v e d  f r o m  the  Curve  of F i g u r e  5 - S
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TIME (5(C)

F i g u r e  5-7 . Sur face  R e c o m b i n a t i o n  Veloc i ty  v e r su s  Time
Derived f rom the Z e r b s t  Plot of F igure  S-6

From the s t ra ig ht segment for  ( C f / C - b )  < 0 . 03 in F i g u r e  5-6 we get

T g ’ = 1, 6 x i0~~ sec . This value is about an o rder  of magn i tude  s m a l l e r

tha n expected on the basis of bulk l i f e t ime  m e a s u r e m e n t s  on the orig inal

w a f e r . The expe r imen tal T g ’ is p robably in e r r o r  because  it is ve ry  s e n s i -

t ive to smal l  c apac i t ance  changes  nea r  the  u p p e r  end of the C - t  cu rve , The

e f f e c t  of Tg on s can be seen  by i n s e r t i n g  t y p i c a l  v a l u e s  of the o the r  param-

e ters  in E quat ion ( 5 - 6 ) ,  A fac to r of 10 i n c r e a s e  irs T g ’ c a u s e s  a p p r o x i m a t e ly

a 20% i n c r e a s e  in s~ Other  p r o p e r t i e s  of the s ample , f r o m  F i g u r e  5 -5 ,

a re  = 2 3 5  my and = 4 . 5 x 10 10 cm 2 . A g a i n  ~~~~ was not op t imized

but j u s t  de te rmined  by a c o n v e n i e n t  gate b ias  step.

p 
The longes t  s to rage  t ime  o b s e r v e d  in Hg CdTe was 25 sec , for  an

n -ty p e  sample w i t h  ND - 2 . 0 x 10 14 cni 3. The C - V  c u r v e  of a s imila r

s a m p le , hav ing  T 5 about  20 sec , is  shown  in F i g u r e  S-s . Two types of

h y s t e r e s i s  can be seen . H o r i z o n t a l hy s t e r e s i s  is due to s low i n t e r f ac e

s ta tes  and depends , among other  t h i n g s , oi t he  vo l t age  e x t r e m e s  to wh ich

the  MIS device  is s t re s s e d . In a C-t  m e a s u r e m e n t  if one p u l s e s  to a vo l t age

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R 5- 10 
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F i g u r e  5-8 . C ap a ci t a n c e - V o l t a g e  Plot Showing S w e e p - R a t e -
Dependen t  V e r t i c a l  Hy s t e r e s i s  Due to Long
Storage Time

w i t h i n  the h o r i z o n t a l  hy s t e r e s i s  r a n g e , the  a p p r o a c h  of the  s low s ta tes  to

e q u i l i b r i u m  can o b s c u r e  the o t h e r  c a p a c i t a n c e  c h a n g e  due  to f i l l i n g  of the

i n v e r s i o n  layer , t h e r e by g iving an  i n c o r r e c t  T 5. On the  o t h e r  hand , v e r t i c a l

hy s t e r e s i s  is a t rue  s to rage  ph e n o m e n o n. It is i n d e p e n d e n t  of the e x t r e m e s

of vo l t age  s t r e s s , and depends  on onl y the vo l tage  sweep  ra te . On the  sweep

i nto i n v e r s i o n , minor i ty  c a r r i e r s  do not f i l l  the  wel l  as f a s t  as i t s  s t o r a g e

capa ci ty inc r e a s e s , so that  tota l capac i t ance  is r educed , At  any g iven  gate

vol tage d u r i n g  the sweep ,  the f i e ld s  and c a r r i e r  populat ions  are  the same as

wou ld be e s t ab l i shed  by p u l s i n g  a pa rt l y - f i l l e d  we l l  to tha t  vol tage . if d u r i n g

the sweep the gate  vo l tage  is stopped and h e ld  f i xed , th e ca pac it ance  is seen

to r i s e  toward the f u l l - w e l l  c o n d i t i o n , a n a l o g o u s  to the l a t t e r  p a r t  of a C - t

p lot . D u r i n g  the r e t u r n  sweep the we l l  is m u c h  f u l l e r , so c a p a c i t a n c e  is

hig her . The v e r t i c a l  hy s t e r e s i s  is t h e r e f o r e  s i m p ly due  to the  d i f f e r e n c e

be tween  i n v e r s i o n  popu la t i ons  in t he  f o r w a r d  and  r eve r se  d i r e c t i o n s . To

S A N T A  B A R B A R A  R E S E A R C H C E N T E R 5 - 1 1
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m e a s u r e  T 5 = 20 sec fo r  the s amp le of F i g u r e  5-8 , ga te vol tage was pulsed

be tween V 1 and V 2 as shown , wh ere  V 2 is well  ou t of the ho r i zon t a l  hy s t e r e s i s

range . (The v e r t i c a l  hys t e re s i s  in F i g u r e  5-8 would extend beyond V 2 if the

swee p were  c ar r i e d  f a r t h e r . ) We t h e r e f o r e  c o n c l u d e  tha t  our  l a r ge  v a l u e s

of T5 a re  t rue  s torage t imes .

Ga te voltage is ano ther  fac tor  i n f l u e n c in g  the s torage  pa rameter s . For

a p- type samp le T 5 ran ged up to 1 . 5 sec , de pending on V 2 the  ga te  vol tage

in i n v e r s i o n. Fi g u r e  5-9 is the C- t  c u r v e  for  V Z - V FB = 3. 1 vo l ts . The

r e s u l t s  in F i g u r e  5 -10  w e r e  der ived  f r o m  a s e q u e n c e  of C-t  c u r v e s  fo r  the

same sample , for  several  values of V 2 ,  whi le V FB -V 1  was held at 0. 1 volt .

T 5 f a l l s  r a p idl y at f ir s t , as V 2 -V FB i n c r e a s e s, It t h e n  l eve l s  off  at  about

100 msec fo r  V 2 - V FB > 1. 5 volts , The l a rge  T 5 for  smal l  ( V 2 - V F B )  may be

due , fo r  t h i s  s a m ple at leas t , to a n o n - s t o r a g e  c o n t r i b u t i o n  f r o m  slow in te r-

f ace  s ta tes  because  h o r i z o n t a l  hy s t er e s i s  is seen fo r  V 2 -V FB < 1 vo l t , or to

a d e c r e a s e  of the in i t i a l  s u r f a c e  r e c o mb i n a t i o n  ve loc i ty  s0 when  the  i n i t i al

s u r f a c e  fr - ’)t en t ia l  ~~ 
is r e d u c e d . In any case  the r e g i o n  of V 2 _ V FB > ~~ . 5

volts is of more importance because of the greater well capacity and depth .

Qn r i s e s  to more  tha n io l l  carriers/cm 2 and A~~ reaches 1 , 02 volts for

V 2 - V FB = 3, 9 vol ts .

A l imi t  to the improvement  of s torage  p a r a m e t e r s  wi th  in c r e a s i n g

gate vo l tage  is r e a c h e d  at the b r e ak d o w n  vo l t age . Here  the s u r f a c e  p o t e n t i a l

~~ 
cannot increase any further , because the electric field is the maximum

sustainable by the semiconductor . As 
~~ 

tries to fo l low an i n c r e a s in g  ga te

vo ltage , the f ie ld  ( equ iva len t  to ba nd b e n d i n g )  r eaches  a po in t  w h e r e  a v a l a n c h i n g

or t u n n e l i n g  sudden l y o c c u r s . Any  a t t empt  to i n c r e a s e  ~ s beyond t h i s  l i m i t

is immed ia t e ly c o un t e r a c t e d  by the rap id g e n e r a t i o n  of c a r r i e r s . T h u s ,

add i t iona l  i n c r e a s e s  in gate vo l tage  p r o d u c e  no c h a n g e  in  s t o r a g e  p a r a m e t e r s.

B r e a k d o w n  s u r f a c e  po t en t i a l  ~ sh is e x p r e s s e d  in  t e rms  of C D,  the

equiva len t  capac i t ance  of the max imum deep  dep le t ion  reg ion . If C 1 is  the

tota l m e a s ur e d  capac i t ance  f o l l o w i n g  a gate vol tage  step be yond the break-

down condi t ion  then

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R 5 - 12  



- - ~~ _•~~~-5 _ _ ‘~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

iSBRC ~~

Hor izon ta l :  50 m s e c / d i v  H g CdTe 2 - 1 2 5 - 6 2 - 1 - 3
Vertical: 2. 5 p f / d i v

T5 = 11 5 msec

= 827 my

Qn = 9. 61 x 10 10 c t-mr 2

N A = 8 . 5 x 10 14 cm 3

O~~~FOV 

th ick

T = 7 7 ~~K

F i g u r e  ~~~~ C a p a c i t a n c e  v e r s u s  Time for  5-p.m p - T ype
MIS Samp le
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F i g u r e  5 - 1 0 . S torage  Time , Wel l  Capac ity ,  and In i t i a l  C a p a c i t a nc e
v er s u s  Gate V o l t a g e  ( R e l a t i v e  to F l a t b a n d)  fo r  5-p.m
p - T y p e  MIS Samp le . T h i c k n e s s  - 0 . 8 m i l s ,
N A 8, 5 x 1014 cm 3 , T - 77 K , FOV = 0~
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1 1 1

C D 
- C~ 

- 

C 0

w h e r e  C 0 
- . “ oxide ’ ( i n s u l a t o r)  c a p a c i t a n c e. C0 and  C D combine  in se r i e s

to make C1, Breakdown  s u r f a c e  pote nt ia l  is

q NA ( 5 A 2

~ sb - 
2 (5~~~2 C D

where  N A = dop ing d e n s i t y

E~ s e m i c o n d u c t or  d i e l e c t r i c  p e r m i t t i v i t y

A - gate a rea

q elec t ronic  c h a rg e .

E x p e r i m e n t a l ly the best  c r i t e r i o n  fo r  l o c a t i n g  b r e a k d o w n  vo l t age  is the

l e v e l i n g - o f f  of C~ . In F i g u r e  5-10  C~ reaches  a m i n i m u m  of 16 pf . S ince  it

is not ye t s t r i c t l y leve l, we can c a l c u l a t e  a l ower  h ound to 
~ sb of 1. 2 vo l t s .

The m e c h a n i s m  of s e mi c o n d u c t o r  b r e a k d o w n , w h i c h  is e i t h e r  ava lanch-

ing or tunneling , can now be conside red . Both m e c h a n i s m s  can p roduce  a

current of m i n o r ity  c a r r i er s  into the i n v e r s i o n  l aye r . The c u r r e n t  g ro w s

rap idly wi th  i n c r e a s in g  s u r f a c e  po ten t ia l  ~~~~, 
t h e r e by l i m i t i n g  

~~~~, 
hut  n e i t h e r

mechanism is im p o r t a n t  u n t i l  its c u r r e n t  r e a c h e s  a b o u t  l O ~~ cm 2 sec - 1

the  a p p r o x i m a t e  t h e r m a l d a r k  c u r r e n t . T u n n e l i n g  c u r r e n t  1’T can be e s t i m a t e d

f r o m  E quat ion ( 2 - 2 ) .  A l t h o u g h most of Sec t i on  2 dea l s  wi th  t u n n e l i n g  l imita-

t i o n s  to MIS device p e r f o r m an c e  in 12-p.m (E g 0, 1 eV ’) m a t e r i a l , ~Pr can  he

p 
s i g n i f i c a n t  in the p r e s e n t  5-p .m ma te r i a l  at h i g h e r  va lues  of Øs and  N~~ or N D.

For the s amp le in  F i g u r e  5 - 1 0  at 
~~ 

= 2 . 0 vol t s  we c a l c u l a t e  •~T 2 ~ I O 8

cm 2 sec l , C o r r e c t i n g  this  for  n o n - i d e al  device c o n d i t i o n s  ( see  Sec t ion  2 ,

page 2 -6 ) , we es t imat e ~T 2 )< 10 11 cm 2 sec 1 , w h i c h  imp lies ~ sb 2 vo l t s .

This  is somewha t  hig her  tha n the obse rved  va lue  0sb  - 1 . 2 vol t s , bu t  the

a g r e e ment  is good co n s i d e r i n g  the e x t r e m e  sens i t iv ity  of 
~ T to s e v e r a l

p a r a m e te r s  (as d i s c u s s e d  in Sec t ion  2) . A v a l a n c h e  c u r r e n t , on the o t h e r

hand , is not so easily estimated . Considering the o b s e r v a t i o n  of ava lanch-

ing ’8 in  Si and Ga A s , th e r e l a t ive ly na r row h andgap  (0 , 24 e V)  i n  S-p .m

Hg CdTe makes ava l anch ing  a p l a u s i b l e  ex p lana tion for  the obse rved

• S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  5 -14
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~ sb 1, 2 volts . T h e r e f o r e , wi th in  our p r e s e n t  data and ca lcu la t ions ,

a v a l a n c h i n g  and tunneling are equall y reasonable explanat ions  of semiconducto r

breakdown .

Ano the r  sequence  of C-t  cu rves  was obta ined for  an n - type  samp le ,

with r esu l t s  in F igu re  5 - 1 1 . C u r v e s  beg in  near  V 2 - \ T FB -2  vol ts  to avoid

the i n t e r f e r e n c e  of slow su r f ace  s ta tes  c loser  to V FB. It is seen  that

s torage  p a r a m e t e r s  r e m a i n  n e a r ly c o n s t a n t  out  to - 2 5  vol t s . Q 10 ’ 1

c a r r i e r s / c m2 and ~~~~ ~~
- 0 , 68 volt . T 5 120 msec . Cj  leve ls off  at about

20 p f so tha t  Øsb - 0 , 80 volt . A g a i n  t u n n e l i n g  and a v a l a n c h i n g  a re  equal l y

r ea sonab le  exp lana t ions .

HgCdTe 2- 544 -46-4- I l

30 

. :~~~~ . - .

- -

‘ . . 200~~~

5 V2 
- V FB VOI TSI

F i g u r e  5 - 1 1 . Storage Time , We ll Capaci ty , and  In i t ia l  C a p a c i t a n c e
vers us Gate Vol tage  ( R e l a t i v e  to F l a t h a n d )  fo r  5-p .m
n - T y p e  MIS Sample. T h i c k n e s s  = 0 . 5 mu ,
N D 6 . 5 X 10 14 cm ’ 3 , T - 7 7 K , FOV =
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Thickness of the sample is a nother paramete r that may i n f l u e n c e

storage performance . Choices of thickness were described in Section 3

(Preparation of Samples), and specific thickness values a r e  g ive n in many

of the figures . Samp les t h i n n e r than 1 niil appear in general to be s u r f a c e -

dominated , and those r e t a in ing  the or ig inal  w a f e r  t h i c kn e s s  appea r  to be

bulk-dominated . We attribute the difference to an e n h an c e m e n t  of the s u r f a c e

gene rat ion mechanisms  by t he lap ping and po l i sh ing  used to make th in  samp les .

Note tha t  the t h i nn e s t  samples , 0, 5 m i t , a r e  s t i l l  m u c h  t h i c k er  t han  the de-

p le t ion r e g i o n , so its da rk  c u r r en t  c o n t r i b u t i o n  should  be u n c h a n g e d . As

seen in Table 5- 1  and E qua t ion  ( 5 - 3 ) ,  the t h i c k n e s s  d en t e r s  the da rk  c u r r e n t

only th roug h d i f f u s i o n  f rom the neu t r a l  bulk , w h i c h  is very  smal l  at 77 c
K

for  any t h i c k n e s s . This is c o n f i r me d  e x p e r i m e n t a l ly by the f a c t  that we see

no c o r r e l a t i o n  between T 5 and d. Thin  samples a re  s t i l l  of g r e a t  i n t er e s t ,

however , because  of the i r  advan tage  at hig her  t e m p e r a t u r e s. D i f f u s i o n

current increases rapidl y with t empera tu re  T because  of its fac to r  n~. This

can be offset by a reduction of d. For example , at T = 160 0 K , the d i f f u s i o n

term in E quation ( 5 - 3 )  is 1700 c m/ se c  fo r  a t h i c k  s ample . This can  be

reduced  to equal  the dep le t ion  reg ion c o n t r i b u t i o n  (100  c m/ s e c)  by t h in n i n g

to d 0. 2 rnil.

Final ly ,  s h o r t  s t o r a g e  t imes  were  i n v e s t i g a t e d. A samp le of 5 -p.m

ma te r i a l  showing  no s torage  time down to 1 msec on a C - t  p lot was tested

by the in j ec t ion  method of Section 3 (Technique fo r  Short S to rage  Time

M e a s u r e m e n t) .  Fi g u r e  S - l Z  shows the peak h e i g h t  d i f f e r e n c e  as a f u n c t i o n

of i n t e g r a t i o n  t ime . We c o n c l u d e  that  T 5 = 100 p .sec. The sma l l  T 5 is

p robab ly a r e s u l t  of a c c i d e n t a l damage to the  s e m i c o n d u c t o r  ma te r i al  d u r i n g

device  fab r ica t ion . The purpose  of th is  m ea s u r e m e n t  of s h o r t  s torage

t ime is for  compar i son  to the r e su l t s  for  12-p.m m a t e r i a l  in the fo l lowing

subsec tion .

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  5-16
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IN TE G RA TION T IME ~t

F i g u r e  5 - 1 2 . Short  S torage  Time M e a s u r e m en t :  Peak i~ e i ? .~t
D i f f e r e n c e  v e r s u s  I n t e g r a t i o n  Time . C u r v e
I n d i c a t e s  T 5 100 p .sec

S E A R C H  FOR S T OR A G E  TIME IN 1 2 - p.m  M A T E R I A L

Of the m a n y  1 2 -p .m  s a m ples t es ted  none  showed  a s t o r a g e  t i m e  on a

C - t  p lot , w h i c h  has  a m i n i m u m  t i m e  r e s o l u t i on  of 1 msec . Indeed , t h e  l ow -

f r e q u e n c y - l i k e  a p pe a r a n c e  of the  1 - M H z  HF C - V  c u r v e s  in d i c a t e s  t h a t  T 5 <

I p .sec , b e c a u s e  l ar g e  n u m b e r s  of c a r r ie r s  a r e  b e i n g  s up p l ied  so m e h ow  at

a rate  f a s t  e n o u g h  to r e s p o n d  to the  1 -M H z  s ig n a l . To look fo r  p o s s i b l e

s t o r a g e  t i m e s  l e s s  t h a n  I m s e c , t he  i n j e c t i o n  t e c h n i que of S e c t i o n  ~

( T e c h n i q u e  f o r  Shor t  S t or ag e  T ime  M e a s u r e me n t s  I was  u s e d . The  t e c h n i n D e

was  s h o w n  in  the  p r e c e d i n g  s u b s ec t i o n  ( F i g u r e  5 - 12 )  to  g i v e  r e a s o n

data down to 200 nsec .

In F i g u r e  5- 13 t h e  H F  c a p a c i t a n c e  c u r v e  f o r  a n  e x a m p le is  s how n .

P B e g i n n i n g  in  a c c u m u l a t io n  at - 1 2  vo l t  t he  ga te  w a s  p u l s e d  r e p e a t e d ly  t o  - I n

vo l t  w h i l e  V~ and V q were  m e a s u r e d  v er s u s  the  i n t eg r a t i o n  t i rm ’ ~~t . The

ex p e r i m e n t  was done twice  more , p u l s i ng  to - 1 7 v o l t  nd - I ~ v o l t . Th e s e

vo l t ages  cover  th e  r ange  in w h i c h  s t o r ag e  e f f e c t s  a r e  mo~ t l i k e l y .  V~~- V q

showed no si g n i f i c a n t  v a r i a t i o n  d o w n  t o  ~~t 200 nsec . 0t 1- t r  1 ~~-~im s a m p les

gave the  same re su i t . Thus , we saw no s t o r ag e  at a~ 1 i n 1 - urn m s t e  r i a l , T h i s

r e s u l t  is e n t i r el y c o n s i s t e n t  w i t h  t he  d i s c i s s i o n  of S e c t i o n  2 ,

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  
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GATE VOLTAGE

F i g u r e  5 - 13 . C ap a c i t a n c e - V o l t a g e  Plot f or  12 -p.m  MIS Samp le
Showing  A c c u m u l a t i o n  \‘a lu e  ~~

‘ 1 and  T h r e e
C h o i c e s  VZ B e t w e e n  W h i c h  Gate  V o l t a g e  is
Stepped to S e a r c h  f o r  S t o r a g e

I N J E C T I O N  T I M E

The i n j e c t i o n  t e c h n i que de s c r i b e d  in Sec t ion  3 fo r  the  m ea s u r e m e n t  of

s h o r t  sto rage  t i m e s  can be ada pted to the m e a su r e m e n t  of i n j e c t i o n  t ime

T i n j . As s h o w n  in F i g u r e  5 - 1 4 ( a) , the  ga te  is p u l s e d  b e t w e e n  V and V 2.

The onl y d i f f e r e n c e  f r o m  the st o r a g e  t ime  m e a s u r e m e n t  is tha t  ~~t is h e l d

c o n s t a n t  w h i l e  ~~t is v a r i e d . We choose  ~~t > i~~ so t h a t  the  s t o r a g e  w e l l  is

a l w a y s  f u l l  at the  end  of ~~t . T i nj  is d e f i n e d  as the  m in i m u m  v a l u e  of ~~t ’

n ece s sa ry  at vol tage  V to empty  the w e l l  (to eliminate the inversion layer~.

F i g u r e  5 - 1 4 ( h )  shows  the  f l o w  of c h a r g e s  i n v o l v e d . If the  wel l  is

not f u l l  at  the  beg i n n i n g  of ~~t , a s m a l l  e l e c t r o n  c u r r e n t  f l o w s  out  of the

s u b s t r a t e  ( f o r  n - ty p e )  d u r i n g  ~~t . The i n t e g r a t e d  a r e a  is -SQ. The o n ly

o t h e r  o u t p u t  c u r r en t s  o c c u r  at  t he  s t eps  be tween  V 1 and  V 2. S ince  the  net

c har g e g a i n e d  by the  d e v i c e  du r i n g  each  cyc le  m u s t  be z e r o ,

= ~~Q + ~~Q2 . ( s - q )

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  5 - 1 8

-I

-5--- --- - — — —--- - 
-5 —

~~~~~
- —— -”--- -—- — —

~~~~~~~~—— - - -~~
- --5- —

~~~~
- 

--5— ________



W~~~~”~~~~~~ 
-- 

~~~~~~~~~~~~~~~~~~~ r - - ~~~~~~~ ~~~~~

SBRC
PO L A R I T Y  ASSU ~~ S n-TYPE

ACCUM.

IN 
DE PLETION 

a)

— ~t’ ‘— -5

I

V P ~~~~~ ~01

OUT ~~~~~~~~~~ 
LL.~~ 

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

_______ 1 CYCLE _____

F i g u r e  5 -14 . Schemat i c  of S igna l s  fo r  I n j e c t i o n  Time M ea s u r e m e n t :
(a)  Inpu t  to Gate , (b )  O u t p u t  S igna l A c r o s s  Load
R e s i s t o r , A r e a s  ( c h a rg e s )  obey ~~~~ = ~~Q + ~~~~~
C i r c u i t  is same as Fi g u r e  3 - S ( a )

V~ does not cha nge as a f un c t i o n  of ~~t ’ b e c a u s e  the we l l  is a lways  f u l l  at the

end of ~~t , However , ~~Q an d  AQ 2 can  c h a ng e , If ~~t ’ ‘~ < T i n i  the  w e l l  r e m a i n s

f u l l  and the  w e l l - f i l l in g  c h a r g e  z~Q m u s t  he z e r o . T h u s  ~~Q2 = ~~Ql and

V q V~~.

A t  t h e  o t h e r  ex t r eme  w h en  ~~t ’  >> T~~~ the  wel l  is en t i r e ly empty at the

end o f ~ t ’ and ~~~ takes  its max imum va lue . ~~Q2 is t h e r e f o r e  a m i n i m u m  and

so is •
~
‘
q~ 

F u r t h e r  in c r e a s e s  in  ~~t ’  c a u s e  no c h a n g e  in V~~. In s u m m a r y  V~

s h ou l d  ‘ e ~~i n  nea r  V~, for  smal l  a t’ , t h e n  f a l l  f o r  i n c r e a s in g  ~‘t’ , and  level

o f f  n e a r  = T i n j .

The c a p a c i t an c e  c u r v e  of a s amp le fo r  w h i c h  T i n j  was m e a s u r e d  is

s h o w n  in F i g u r e  5- 15 , The a r r o w s  i n d i c a t e  the  ga te  v o l t a g e  r a n g e s  f o r  two

p s e p a r a t e  T i n j  r r ie a su rernen t s . W h e n  V 1 = -6 . 0 vol t , the  dev ice  is expec ted

S A N T A  B A R B A R A  R E S E P ’ R C H  C E N T E R
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V2 V i

2 0 -

p GATE VOLTAGE

Fi g u r e  5 - 1 5 . C a p a c i t a n c e - V o l t a g e  Plot f o r  5 -p .m MIS Samp le
S h o w i n g  V a l u e s  B e t w e e n  W h i c h  Gate  V o l t a g e  is
Stepped fo r  I n j e c t i o n  Time M e a s u r e m e n t

to he in  a c c u m u l a t i o n  hut  w h e n  V 1 - 1 0 . 0 vo l t , weak  i n v e r s i o n  is e x p e c t e d

b e c a u s e  the  e s t i m a t e d  t u r n - o n  v o l t a g e  is V T ~~~, 5 vo l t . The pu r p o s e  of t h e

d i f f e r e n t  r a n g e s  is to i n v e s t i ga t e  a v a r i e t y  of p r o c e s s e s  of m i n o r i ty  c a r r i e r

r e c o m b i n a t i o n.

F i r s t , s t o r a g e  t ime  was m e a s u r e d  by s e t t in g  ~~t 1 p .sec  and  v a r y i n g

i~st , For both  gate  vo l t age  r a n g e s  T 5 10 m s e c , (The  s a m ple was d e l i b e r a t e ly

c h o s e n  to h a v e  a s h o r t  s t o r a g e  t i m e  b e c a u s e  t h i s  p e r m i t s  a h i g h e r  r e p e t i t i o n

rate  fo r  t he  T i n j  m e a s u r e m e n t  c y c l e  and h e n c e e a s i e r  o b s e r v a t i o n  of the

peaks .

The r e s u l t s  of t he  T~ 01 m e a s u r e m e n t s  a r e  shown  in F i g u r e  5 - 1 6 . Both

V p and  V q be have as expec ted . R e c a l l i n g  t he c r i t e r i o n  fo r  l oca t ing  s t o r a g e

t ime  as m a x i m u m  c u r v a t u r e  b e f o r e  l e v e l i n g  o f f , we f i n d  f r o m  both  \‘q cu rves

tha t  T in j  q Ilsec . A s s u m i n g  an e xp o n e n t i a l  decay , t h i s  c o n v e r t s  to a cha r-

ac t e r i s t i c  l i f e t i m e  of 4 p .sec. For c o m p a r i s o n  we no te  t h a t  the  h u l k  m i n o r i ty

S A N T A  B A k ~~A~~A ~ E S~~A R C M  L L N I ~~ R ~-20 
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Fi g u r e  5 - 16 . I n j e c t i o n  Time M e a s u r e m e n t :  Pos i t i ve  (V p ) and
N e g a t i v e  (V q ) Peak Hei g hts  v e r s u s  Time ~~t ’ f o r

Two Gate Vo l t age  R a n g e s . Both V q C i r ~’es
Ind ica te  T i n j  — q p .sec

l i f e t i m e  m e a s u r e d  at 7 7 K  in t he  or i g i n a l  Hg CdTe c r y s t a l  is 1 . 2 p .sec. A l s o

the  Z c r h s t - p lot e f f e c t i v e  l i f e t i m e  fo r  a t h i ck  s~~rn 1~ f rom  t h e  s a m e  c ry s t a l

( F i g u r e  5 -3)  is 3 . 0 p .sec. The a g r e e m e n t  among  t h es e  t h r e e  l i f e t i m e s  is

w i t h i n  e x p e r i m e n t a l  e r r o r . A l s o , the  equa l i ty  of T i n j  f o r  the  two gate  v o l t a g e

r a n g e s  s u g g e s t s  t ha t  the same m e c h a n i s m  is o p e r a t i n g  to r e co m b i n e  m i n o r i ty

c a r r i e r s  at V 1 - -6 . 0 vol t and V 1 = - 10 . 0 vo l t .

A n o t h e r  r e s u l t  is the  s u c c e s s fu l  m e a s u r e m e n t  of an  a p p r o x i m a t e

s t o r a g e  t ime in sp ite of u s i ng  �~t < 

~~~~ Since  the  wel l  is only p a r t i a l ly

e m p t i e d  at t he b e g in n i n g  of ~~t , the m e a s u r e d  va lue  is s h o r t er  t h a n  the

t rue  T 5,  bu t  it is of the  same o rd e r  of m a g n i t u d e .

L 
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I n j e c t i o n  t ime is of c r i t i c a l  i m po r t a n c e  to the  e f f i c i en t  o p e r a t i on  of a

mul t i - el emen t  substrate injection d e t e ct o r  a r r a y .  If 9 or 10 p .sec  m u st  he

a llowed fo r  the readout  and reset  of each element , t hen  a l a rge  a r r a y  could

not  be c y c l e d  f a s t  e n ou g h to meet  f o r s e e a ble  s y s t e m  r e qu i r e m e n ts . A l t h o u g h

f u r t h e r  s tud y of in j e c t i o n  t imes  is needed , our  data s u g g e s t  that l a r g e

s u b s t r a t e  in j e c t i o n  ar r a y s  on 5-p.m Hg CdTe would he s e v er e l y l i m i t e d  in

sp eed .

P

P

p

P
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Sec t ion  6

R A D 10 M E T R \‘

R a d i o r n e t r i c  m e a s u r e me n t s  w e r e  made w i t h  the  s y s t e m  d e s c r i b e d

u n d e r  R a c l i o m e tr i c  T e c hn i q u e  (page  3 - q ’~ in  Sec t i on  ~~. Si g n a l , no i se , and

d e t e c t iv i tv  as fu n c t i o n s  of choppe r f r e q u en c y  a r e  s h o w n  i n  F i g u r e  6- 1 fo r  a

5-p.m n - t y p e  s a m p le w i t h  a t r a n s p a r e n t  ga te . From the  s p e c t r al  r e sp on s e

curve , Fi g u r e  t’ -2 , the c u t o f f  w a v e l e n g t h  X co - 5. 2 ~~~ and the  peak wave-

l e n g t h  X~ 
- 5 . 1 p .m w e r e  d e t e r m i n e d , and  the  h l a c kh o d y -t o - p e ak  d e tec t i v i t y

c o n v e r s i o n  f a c t o r  ~ 6 . 083 was  c a l c u l a t e d . Back g r o u n d  f l u x  at the d e t e c t or

was cor r e c t e d  fo r  the  45~ t r a n s m i t t a n c e  of the 77 K Ge f i l t e r . B lackhod y

• p i r r a d i ar  ~e was c o r r e c t e d  for  the Ge f i l t e r  and  the  69~ t r a n s m i t t a n c e  of the

I R t r a n - 4  dewa r window . The smal l  9. 5 C FOV ( f / 6 . 0) p r o v i d e d  a r e l a t i v e ly

low back g r o u n d  f l ux . The B LIP lit -nit at peak wave leng th  D0 (B L I P ) (X p ) was

c a l c u l a t e d  to he 1 . 77 )< 10 12 cm Hz~~/ w a t t  a s s u m i n g  a q u a n t u m  e f f i c i e n c y  of

0 . 50 .

The a c t i v e  ph o t o s e n s i t i v e  a rea  A D was d e t e r m i n e d  by a spot scan  as

illustrated in Figure 6 - 3 . The pho toga te  was s c a n n e d  w i t h  a 2-rnil diameter

i n f r a r e d  beam , and po in t s  w h e re  the  si g n a l  f e l l  to 50~~ of m a x i m u m  w e r e

c h a r t e d . The h e a v i e r  c u r v e  in Fi g u r e  6 - 3  is an  o u t l i n e  of the  ga t e  as scaled

f r o m  a ph o t o m i c r o g r a ph of t he  dev ice . The shape  of the  gate , as d e t e r m i n e d

in  the meta l  depos i t ion  p r o c e d u r e , is a c i r c l e  p lus  a r e c t a n g u l a r  tab  wi th

r o u n d e d  c o r n e r s . (Abou t  one q u a r t e r  of the  s a m p les have  t h i s  shape  and the

r e s t  a re  c i r c u l a r . ) Th e 5O~ c o n t o u r  f o l l o w s  the  ga te  ed ge v er y  we l l . The

i n s e n s i t i v e  a rea  in the in t e r i o r  r e p r e s e n t s  the  con tac t . It is w i d e r  t h a n  the

ac tua l  con tac t  a rea , p robably b e c a u s e  of s c a t t e r i n g  f r o m  the e levated

s i l v e r - e poxy. To the l e f t  of the con tac t  is the shadow of the 2 -m i l  d i amete r

w i r e  lead . The a r ea  w i t h i n  the  50”~ c o n t o u r  is AD = 3 . 8 >< l O ~~ cm 2
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Fi g u r e  6 - 3 . Spot Scan of Same Samp le as F i g u r e  6 - 1

Note : I n s e n s i t i v e  c e n t r a l  a rea  is covered  by c o n t a c t .
Shadow of w i r e  lead is to le f t .

To ca lcu la te  de tec t iv i ty  D~ (X~~) at the pea k w a v e l e n g t h  we u s e

D ( X 0) = 
~ 

~~S’~~ N (6- 1)
\ -4-55 L) ‘ - 5 0 0

where VS = rms si gna l vol tage

V N rms  noise  vo l t age  in bandwid th  Af

H B B  = blackbody i r r a d i an c e  at the  de t ec to r

$ b lackbod y - t o - p e a k  c o n v e r s i on  f a c t o r .

Our maximum D~’(X~~) is 7 . 0 X l O ~~ cm Hz~~/ w a t t  at 1300 Hz .

R e sp o n s i v i t y  R ( X ~~) at  the peak w a v el e n g t h  is c a l c u l a t e d  f r o m

I S
R (X ~~) ( h - 2 )

H BB A D

S A N T A  B A R B A R A  R E S E A R C H  CE N T E R  6 -3
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w h e r e  I~ is the rms  s igna l c u r r e n t  a t  the detector , f r o m  E qua t ion  ( 3 - 2 ) .

R(X
~
) versus chopper freque ncy ~c is s imp ly p r o p or t i o n a l  to V S of F i g u r e  6 - 1 .

The max imum value  of R ( X ~~) o c c u r s  over the en t i r e  i n t e rva l  of 150 Hz < 
~c <

500 Hz , namely R max (X p ) - 2 , 0 a m p / w a t t.

Quantum e f f i c i en c y  71 is f o u n d  by c o m p ar i n g  R max (X p ) to the idea l

R j cj (A p ) -. qX~~/ h c  = 4. 11 a m p / w a t t  for  5 . 1 p .m.

71 R max (X p ) / R id (X p ) 0 . 48

A n o t h e r  way to obtain  qu a n t u m  e f f i c i e n c y  is to c a l c u l a t e  c a rr i e r s

p r o d u c e d  per i n ci d e n t  photon . At  the m a x i m u m  V S of F i g u r e  6- 1 , Is
4, 03 x 10- 10  am p [from E qua tion ( 3 - 2 ) . This r e p r e s e n t s  2 . 52 x l0~

c a r r i e r s / s e c  rms , In the  r e l evan t  w a v e l e n g t h  i n t e r v a l  ( 1 , 8- to 5. Z -p .m )  the

incident photon rate over the active detector area is 4. 56 x l 0~ ph o t o n s / s e c

rms . Thus  71 = 0 . 55 .

The a g r e e m e n t  between the two va lues  of h i s  very  good , Taking the

ave rage  fo r  use  in s u b s e q u e n t  c a l c u l a t i o n s , the MIS device  q u a n tu m  e f f i c i e n c y

is 71 -
~ 0 . 53 .

— The q u a n t u m  e f f i c i e n c y  of the dev ice  c o n t a i n s  c on t r ib u t i o n s  f r o m  the

scroicondoc tor ~ nd from the i n s u la tor  and photogate:

- T i n s  T ga te 71s (~~~3)

w h e r e  71s is the  a c t u a l  s e m i c on d u c t o r  q u a n t u m  e f f i c i e n c y ,  and Tins  and T gate

a re  the t r a n s m i t t a n c es  of the 3700A ZnS i n s u l a t o r and the l O O A  Ni photogate ,

r e spec t ive ly. From the theory  of a n t i r e f l e c t i on  c o a t i n g s , 1700A of ZnS

g ives T ins  = 0. 88 at X 5 p.m. E s t i m a t i n g  an  a b s o r p t i o n  l e ngt h  of 1000A f o r

Ni a t  5 p.m , Tgate - 0. 90 . Thus

~?s 0 , 67 .

C o r r e c t i o n s  to T~~ fo r samp le and dep le t i o n - r e g i o n  t h i c k n e s s e s  a re

u n n e c e s s a r y  fo r  the  f o l l o w i n g  r ea s on s ,  See F i g u r e  h - 4  T r a n s m i t te d

i n t e n s i t y  v e r s u s  depth  x goes as exp (-rYx ’I w h e r e  the  u h s or p t i o n  c o e f f i c i e n t  r~

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  
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DEPLETIO N
REGION ___________________________________________

I I I I I I I I I I ~

‘N • —~~~ SAMPLE

~ 
ABSORPTION

‘ :: O~7~LT 1: 

-

DEPTH (pin)

F i g u r e  6-4 . R e l a t i o n  of Sample T h i c k n e s s , Dep le t ion  Wid th , and
A b s o r p t i o n  Length . Minor i ty  d i f f u s i o n  l eng th  is
m u c h  l a r g er  than  the other  l e n g t h s

is es timated to he 5 X l0~ cm~~ for  Hg Cd T e at 5 p.m. 19 Wi th in  the f u l l  13-p.m

(0 . 5 - m i l)  samp le t h i c k n e s s  99. K~ of the r ad ia t ion  is a b o s r b e d . W i t h i n  a

ty p ical 1-p.m dep let ion width  39~i is absorbed . The r e m a i n i n g  6V 0  is

absorbed in the neu t r a l  bulk , Since the dep le t ion  r eg ion  ac ts  as a s ink fo r

m i n o r ity  c a r r i e r s  (ho l e s ) , a hole  d i f f u s i o n  c u r r e n t  
~ pd f lows  f r o m  the n e u t r a l

bulk into the dep let ion r e g i o n , t h e n c e  on to the i n v e r s i on  l ayer . Co l l ec t ion

should be very  e f f i c ie n t  b e c a u s e  the es t imated d i f fu s i o n  l eng th  L~ is 80 p.m.

Also  the hole bu lk  l i f e tim e , about  3 p .sec, is m u c h  sma l l e r  than  the c i r c u i t

i n t e g r a t i o n  t ime , At - 120 p .sec. The back s ide r epe l s  holes  b e c a u s e  of f ixed

positive charges  in the pass iva t ion  layer . Theore t i ca l  quan t um ef f ic i e n cy is 2°

- 
exp( -~~W) 

- - 0 . 99 ( 6-4~1 +

w h e r e  W is the dep le t ion  width , and  the above-specified parameters have

been inserted . The difference be tween  t h i s  and the  obse rved  i~ = 0. 67 may
p

be due to e r r o rs  in e s t imat ing  t r a n s m i t t a n c e s  and to n o n - e l e c t r o n i c  modes

of a b s o r p t i o n.

p

S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  6-5

~~~~~~~“~~~~~
- --5- --— ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ -5- --—~~ 

- - - — — -5 ---- - - -‘-—- . .--5 -
~~~~~~ -5—~~~~~~~~~~~~~~~~~~~

- - - - ,- ---,-—--5 - —-----5-------—



SBRC

R e t u r n i n g  to de t ec t iv ity , we c o n s id e r  the r ea sons  why the  m a x i m u m

f a l l s  sho r t  of BLIP shown  in F i g u r e  6- 1 . Since the q u a n t u m  e f f i c i e n c y  has

been found  to be c lose  to that  a s sumed  for  the  plotted BLIP , the d is c r e p a n c y

m u s t  be due to noise  in e x c es s  of the back g r o u n d  photon c o n t r i b u t i on . Some

noise  may or ig ina te  in the MIS dev ice , but the ma jo r ity  p r ob a b l y comes f r o m

the ex te rna l  c i r c u i t r y .  The shie ld ing of the amp l i f i e r , cables , and dewar

leads was not opt imized . Fu r t h e r m o r e , no t al l  amp l i f i e r  componen ts were

chosen  for  low noise opera t ion . W h e n  these  a re  c or r e c t e d , pe r f or m a nce

should  be much  c lose r  to BLIP .

F i g u r e  6 - 5  shows  s i g n a l v e r s u s  i n t e g r a t i o n  t ime At at 1c = 305 Hz , f o r

t h r ee  i rr a d i a n c e  leve l s . F i g u r e  6-6  shows  s i g n a l  v e r s u s  i r r a d ia n c e  at 395

H z fo r  a f ix e d  At - 120 p .sec. In both F i g u r es  c o r r e c t i o n  of H BB for  window

transmittance was not necessary . The linearity of signa l with respect to

i r r ad iance  is c lea r ly seen in F igure  6-6 .

p
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F i g u r e  6- 5 . Signa l v e r s u s  In tegra t ion  Time with I r r a d i a n c e  as a
Paramete r , fo r  the Same Sam p le as Fi g u r e  6- 1

4

HgC dT e 2-144-46-4- 12
lO0C~ I I I 1 I P ~~~ I 1 1 1 1 1 1 1 ’

100 - - - . - ~~~~- - _ _ _
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10 — -  - - --f—— — - T BB 5OO K
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- 395 Hz —
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5.3 x 1013 phot Ons sec 1 cm 2
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Figure 6-6. Signa l versus Irradiance for the Same Samp le
as Fi g u r e  6 - 1
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Sec t ion  7

C O N C L I ’ S I O N S

IMPLICATIONS FOR MONOLITHIC I N T R I N S I C  F O C A L  P L A N E  A R R A Y S

As s t a ted  in  Sec t i on  1 , the  adequa te  p e r f o r m a n c e  of MIS s tr u c t u r e s  on

a n a r r o w  band g a p  s e m i c o n d u c t or  is n e c e s s a r y  fo r  the  s u c c e s s f u l  o p e r a t i o n  of

any  m o n o l i t h i c  i n t r i n s i c  ar r a y  of i n f r a r e d  d e t e c t o r s . The p u r p o s e  of t h i s

p r o gr a m  was  to  i n v e s t i g a t e  the  f e a s i b i l i t y of H g C d T e  fo r  s u c h  a r r a y s ,

t h r o u g h  the use  of MiS dev ices . The m a j o r  c o n c l u s i o n s  of the pr o g r a m  a r e

as fo l lows :

1 . No CCD , CID , or hig h - e f f i c i e n c y  p ho toga te  d e t e c t o r  c a n  o p e r a t e

e f f e c t i v e ly on 12 -p.m  (E g = 0. 1 eV)  m a t e r i a l . The r eason  is tha t  fo r  any

d e s i r a b l e  s u r f a c e  po ten t i a l  and any a tt a i n a b l e  dop i n g  d e n s i ty , i n t e r h a n d

t u n n e l i n g  c u r r en t  is so l a r g e  tha t it i m m e d i a t e ly f i l l s  any  s t o r a g e  wel l . Th i s

c u r r e n t  c a n n o t  be f r o z e n  out  by a r e d u c t i o n  in t e m p e r a t u r e . I n t e r h a n d

t u n n e l i n g  is not m e r e ly a s t a t e - o f - t he - a r t  p r o b l e m , hu t  a bas i c  q u a n t u m

m e c h a n i c a l  l i m i t a t i o n.

2 . In 5 - ~ m m a t e r i a l , o~~er  ~ m o d e r a t e  r a n g e  of dop ing  d e n s i ty  and

s u r f a c e  po ten t i a l , i n t e r b a n d  t u n n e l i n g  is n e g l i g i b l e . It t h e r e f o r e  does not

p r oh i b i t  the o p e r a t i o n  of a CCD or CID .

p 3 , For a CCD in 5-p .m m a t e r i a l , t he  m e a s u r e d  p a r a m e t er s  look v e ry

f a v o r a b l e . Storage  t ime be tween  100 msec  and 20 sec was seen  f o r  many

s a m p l e s , and  a s u f f i c i e n t  we l l  c a p a c i t y , a b o ut  10 1 1 crn 2 , was  o b s e r v e d .

W e l l  dep th  was l imi t ed  to a b o u t  1 or 2 v o l t s , hu t  the  o r i g i n  of t h i s  l i m i t a t i o n
p

is not c l e a r ;  w i t h  a d d i t i o n a l w o r k  the  w e l l  d ep t h  m i g h t  he i n c r e a s e d . Fas t

i n t e r f a c e  s ta te  d e n s i t y  w a s  m e a s u r e d  as low as 2 ~ 10 1 1 cm 2 eV - 1 w h i c h

is  s u f f i c i e n t  to p rov ide  good c h ar g e  t r a n s f e r e f f i c i e n c y  i n  a m o d e r a t e - l e ng t h

p CCD . Avai lab le  (loping d e n s i t i e s , in  t h e  1. 0 14 cm 3 r a n g e , a r e  a p p r o p r i a t e

fo r  CCD ope r a t i o n .

p S A N T A  B A R B A R A  R E S E A R C H  C E N T E R  7 - I  
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4 . For a CID in 5 -p.m m a t e r ia l , p e r f o r m a n c e  w o u l d  he s e v er e l y

r e s t r i c t e d  by the  m e a s u re d  i n j e c t i on  t i m e  of q p.~~~~ To a l l o w  t h i s  m n c h  t im e

fo r  the  r eadou t  and  r e s et  of e a c h  e l e m e n t , or row of e l e me n t s , w o u l d  c a i s e

a l a rg e  a r r a y  to c y c l e  too s lowl y. F u r t h er  work , h o w e v e r , is  n e c es s a r y  to

c o n f i r m  the  in j e c t i o n  t i m e  m e a su r e m e n t s .

5 , No c l e a r  p r e f e r e n c e  for  n- or p - t y p e  dop ing  is s e e n  in  5 - p .m  m a t e r i a l.

A l t h o u g h  n -ty p e  s a m p les g e n er a l l y showed  the  l on g e r  s t o r a g e  t i me s , t h i s  may

be due  to p r o c e s s i n g  v a r i a b le s , or to d i f f e r e n c e s  o the r  t h a n  dop i n g  typ e

be tween  the  or i g i n a l w a f e r s .

e , Photoga te  de t e c t o r s  have  been  s ho w n  to p e r f o r m  v e r y  we l l  in  s - p .m

m a t e r i a l. M a x i m u m  d e t e c t i v it y  at peak wave  l en u t h  was  m e a s u r e d  to he

7, 0 X 10 11 cm Hz~~/w a t t , w h i c h  f a l l s  s h o r t  of BLIP by a f ac to r of on l y 2 . 5 .

M o s t  of the  d i f f e r e n c e  is a t t r i b u t a b l e  to a m p l i f i e r  and  d e w a r - l e a d  no i se .

Quan tum e f f i c i en c y  in the  s e m i c o n d u c t or  was e s t i m at e d  to he 0 . b7 .

R E C O M M EN D A T I O NS FOR F U T U R E  W O R N

The f o l l o wi n g  i t ems  a re  r e c o m m e n d e d  f o r  c o n t i n u i n g  t e s t s  and  a n a ly s e s

of MIS d e v i ce s  on l I g C d T e . T h e s e  app ly p r i m a r i l y to  5- l i m  m a t e r i a l  u n l e s s

s1~~Led ~ t~~c rv ,- ice . A ~~~~ l i t a h i e  e x t e n s i o n  of the  p r e s en t  p r o or a m  wou ld  in c l u d e :

1. C o n t i n u a t i on  of the  bas i c  m e a s u rem e n t s  of c a p a c i ta n c e  v e r s u s

v o l t age  and c a p a i c t a n c e  v e r s u s  t ime  b e c a u s e  of t h e i r  p r o v e n  d i a cn o s t i c

ut i l i t y .

2 . I m p r o v e me n t  of s u r f a c e  p a s s i v a t i o n  to  r e d u c e  f a s t  i n t er f a c e  s t a te

d e n s i t y , f l a t h a n d  s h i f t , and  hy s t er e s i s . Th i s  work  w o u l d  a l so  t ake  i n t l

a c c o u n t  an t i r e f l e c t i o n  p r o p e r t i e s  and  c o m p a t i b i l it y  w i t h  p h o t o 1i th o~~r ap h i c

t e c h n i ques .

3. A t h e o r e t i c a l  s t u d y of n o i s e  so u r c e s  i n h e r en t  I s  a pho toca te

d e t e c to r~p
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4 . C o n t i n u a t i o n  of r a d i o m e t r i c  m e a s u r e me n t s , i n c l u d i n g  r e d u c t io n  of

no i se , and e x t e n s i o n  to a v a r i ety  of c u t o f f  w a v e l e n g t h s .

5 . F u r t h e r  i n j e c t i o n  t ime  m e a s u r e m en t s  on a wide  v a r i e t y  of s amp les .

6 . M e a s u r e m e n t  of s e m i c o n d u c t o r  b r e a k d o w n  p a r a m e t e r s  as  f u n c t i o n s

of t e m p e r a t u r e  to d i s t i n g u i s h  b e tween  t u n n e l i n g  and a v a l a n c h i n g ; and a s tud y

of b r e a k d o w n  at hig he r  t e m p e r a t u r e s  to d e t e r m i n e  the su i t a b i l i t y  of H g CdTe

fo r  o p e r a t i o n  up to T = l 5 0~~K .

7 , Tes t s  of MIS devices  on v e r y  th in  w a f e r s  ( < 0 . 4 m i l)  of 12-p.m

m a t e r i a l  to r educe  t h e r m a l  dark  c u r r e n t  d i f f u s i n g  fx ~ m the n e u t r a l  bulk ,

I
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