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Although reésonable didde

'i;fi*\ahe sxlicon superlattice»' The absorption shift has not been observedf
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Introduct ion

T : The use of ultra thin alternating layers of semicondqctor vmaterial';.f

]

- to £abricate structures with novel electronic vptopertie‘s 'was fitstf,_

El ! ..'

_ investigated in 1970 [1] Two types of superlatticeiavere proposed -

SR semiconductor mate

e T ,,fgfﬁﬁé
".'»»,_(-a)f‘ oompositional superlattices made alternatﬁ\g layers oﬁ‘

als having different energy bandgaps and (b) dop{ ‘..f

supprlattices 'consi.sting of a single' semiconductor crystal with.'f A

o predicted for nipi's and have sinc'

;alternating layers of p type and 'n'type imgurities ‘I'he name "nipi".;-_'_
o vas colned for doping superlattices after the original anticipated: G

. A NS
> composm:ion of ‘a four layer period consisting of n- type isnt:rimsic.
fp cype intrmsic layers [2] ‘, | |

b A doping superlattice is characterized by a constant bandgap‘.:‘.-<3_"

‘throughout with the energy levels of the conduction and valence bandsa__‘i{:

£ . I

g being spatially modulated The narrow period results in a bandgap that,.;{b'-’;:.
/":‘_may be considered as indirect in real space The difference between

f .‘,_ft:he conduction band mini&hm a.nd the valence'“f)and maximum," "'alled t:he,

”effective bandga " is tunable and this tunability may indu.ce other_’_‘z‘:."”j_."..

‘interesting effect ;._».j-‘- Many . noVel p‘roperties incleding tunable

R »luminescence tunable absc»l-'l“:ion and extremely 1ong lifetimes wagel;

oen observed .The majority of the;

Tresearch to date on dpping superlattices has been with III-V compounds

'.'-'b_in particular GaAs For a current; revie, see bhler [3 ]



smaller bandgap,'silicon is an indirect bandgap material (in k space)

”f.some differences In addition to the larger effective masses and thef

: \

When this work commenced : there _was ‘Mo - published research on;{*7

f[‘*f"\ silicon doping superlattices Since then, self consistent calculationsé,gﬁff}

LR

C?

co———

>5 18] A theoretical study of the optical absorption near:J

o spectra [10]

of this stgdy are presented 1n Chapter 5.

:wasx;undertaken in conjunction .with»» hef Microstructural Sciencesi

of the electron s%btband energies have been{hndependently reported by’»ilr;

two groups [6 7] in addition to the work carrigpfou ‘at the Universityfr.}§ﬁ

"ﬁ of Alberta [8] Exper1mental results vae also started to appear ,,Ap7'”"‘

L8
® -

enhanced Hall mobility An ‘5111con nlpl s grown by MBE has been

investigated [9] Silicon nipi s grown by‘iterated solid phase epitaxy_f
(ISPE) have : also been reported along : thh photoluminescence Con

. L = ‘~~-_ Lo
SR e

The original goal of thls project was to 1nvestigate the tunable :?flj

absorption properties of 51licon doping superlattices ,l Preliminary

_studies of the tunability of the effective bandgap\demonstrated therT::

\_.
)

feasibility of fabricating nipi 'S with tunable parameters : mfsilicgﬁitﬂfpi

fundamental edge for 511icon nxpi s was- undertaken [ll] Ihe results}i\*s;

In order to experimentally verify the results of this study,_work,

Labonztory at the National Research Coun011 in. Ottawa to fabricatef

‘ silicon, doping superlattices with selective contacts to." the n andl1:;;

p type layers 3 The problems and ¢°mPlications associated with thef;3

fabrication proved to be far more extensive than first anticipated vff

Selective contacts on a. silicon nipi have never been fabricated ilf:;

»

previously' A major portion of this prOJect deals with the more basicf_lg‘f

aspects of silicon nipi s, namely, fabrication selective contacts andfl“"“




S used successfully with GaAs [14] The cechn\fqye_makes 'us

, “fof GaAs nipl 5 using selective contacts made by this method have boan?

!”f;@described

??ingenious method of ptoviding selective con&actsyhas been devised andﬂi

of tho HBE§}

N

° ifgeo etry and a.shadow mask to gorm grown in SelecciVe'eontlets’durtngé.’?“

nbepitaxial growth of the superlatcice Tunible absorption neasurenents

;“zhreported [15 16] The shadow mask method 13 used 1n thyu p:oject'coe

’;“produce selective contacte on silicon nipi s

-:processing




\'~.'~'1<" [

{ lnf Ghapter h h

investigated includlng the 1arge reverse bias leakage currents that

have been observed Initial results 1ndicate that substrate effects

S PR

mey be quite substantial ' The electrical behavior of the nipl under
reverse and forward bias is compared with current transport models
Results for the conductance through the n and p type layers are also‘v
presented L A silicon nipi has indeed been produced and the long
1ifetimes expected 1n a nipi_have been observed [}7] - e

| Chapter 5 investigates some of the optical properties associated
with sllicon nipi s.. A summary of the tunable absorption calculationS':m..:

LN o . o
for ‘a" ;silicon nipi is presented ;Ihe; measurement method end jfllj

preliminary results of the photoconductivity measurements are also




The fab" catlon of the silfg%._ '

‘"-;whichghas bten “micro machined"t

'“ﬂmetals required for the selectiva contacts

'*.xfdesign of the shadqw mask and thgrcontact masks

fngfiy procedures and results for each of ehe three fabrication scages Are ﬂ

""p.r_es,ente,dv-; e

Ve

',k-2 1 Sbadow Hask Hethod B

Selective contacCS .to' the n .and p type-_layersf}are “



Tiny ‘

"7’; sili an': gogrce f,obeusidé-of the mesa wili be shadowed from the n typeizhif

v—dd i '/"‘.ifx BN

.".'impurity vhile: the—othermside is shadowed from the p type '

’ff'gﬁl CYPe 1mpuritY. an n- i n i type of structure will result Similarly.75i-f

I S

As the two shutters which control the impurity deposition areﬁfj;f

4

'hhopened and closed ‘a p n p n structure will be formed 1n the central'ﬂtfﬁ

::region of the mesa On the 51de of the mesa that ls shadowed from thei:'gf:

AW L :

'uia_che other side of the mesa will consist of ‘a p i p 1 structure £See$»fff

' Fig 2 1b ) The formation of selective contacts is now much easier as ﬁ‘fﬁ

-7tunnelling effects to the opposing layers have been~eliminated howeverf
fArectifying contacts are still required with the intrinsic regions

The physical arrangement of the MBE chamber at the NRC is - shown in{:f-.

°'c

1kipig 2 2 The doping sources are’ offset from the central axis by aboutv -

-

. ji79;f As will be discussed later ‘a, silicon wafer AOOpm thick.is used'ffil

, . X " -

f‘5for the shadow mask making the intr1n51c regions on each side of the.f

'mesa about 120pm wlde The mask and substrate are supported by af-fi'

;’.

"»/holder and the molecular'beams travel from below up to the wafers

' "ffThe NRC system is’ designed for 4"'wafers ¥ 1 a tantalum insert was}f,f

x . . - __.._s

h,fabricated in order to hold;the 3" masks and substrates used for the;fw'h

;T._nipi s, The arrangement is viewed from above in Fig ?‘3 with the 3""

line with the silicon source but this wbll not be the case for the‘]ﬁﬂ'

' relative positions

2

_substrate 4" holder and the doping and silicon sources shown in their

B | . -
LA o
R

The case descrived above ;e for a mesa centered on the axis in'_f‘hf

: majority of the mesas : As the shadow mask window is moved(further
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"SIDE" Teo

‘FROM ABOVE"

gy -

'c.)'_"‘

e T e

2 L S A R

P

Geomu@%y of NRC HBE chamber f.."v'”ff,, SR B T ,;i}
The ‘telative posicion of each doping source wich respecc to N
' “the 4" substrate holder is- shown “Dimensions are. in: cm ;gu--;’j
“3 -~ Boron' dopin e
RS —\Axsenic dbping soutce;ba,f

Si}icon soﬁ;ce.; L R 7

source.;f







*ﬂ?;3soufces (See Flg 2 Hence the end‘uf rhe mes closesﬁlu

?;ifto Che silicon soﬁfce w111 ndt be daped Theawidth of this undope&

_'4 ..

The mplecular beam that passes the shadow mask edge

'about 1 2 cm

;J?_'yff':will not have a sharp cutofT but w111 e’crease gradually resulting in a'iif~7

?)

”jgraded region °f ab°“t 20 30#m Wlde The intefYace between the doped‘pf_'
.;~and intrinsic regions will consisc of a graﬂed Junction>rathgr than an

u'-gT“abrupt junction' }i

Fig 2 &a is

. Tﬁ:-o 31? mesa step is

szilicon along the step . An idealizéd edge ptofilebﬁasldepicte&/inu?

\

“LJT;~.oFig 2 hb <dmplies that che vertlcal edge of.

e ach super;at:cice layer

. J ‘

"afiii may not be exposed to the con;act metal Im the ac%ual edge profile;'>"




4a. Surface profile’of a mesa. edge for MBE #318.




,>che 1nd1v1dua1 layers of the super\ittis> ‘to be‘seen T

: _surface area between the.contacc metal and the substrate..‘It was felt

:'as a result\:?\annea11ng On the left hand slde of Plate Ia (end oT

.,v\'

“on this mask but a contact mask was improvrsed at the NRC using the. ‘:
wshadow mask as - a pattern An example of a mesa w1th these contacts:: 1s‘ﬁ

‘ shown in. Plate IIc for MBE 318

j"#-;chapter 2), the edge proflle lS shown (from above) The rlght hand

| :aside of this mesa has undergone a. selectlve chemical etch whlch allows

D'-

l

2 1 l Shadow Mask and Contact Design

Two dxfferent mesa and i§jdow mask designs have been produced toh~~¥-5

date ’ The flrst shadow mask

318 and MBE 321 ;A proper contact mask was, not avallable for the mesas

. \ - -f R
Wlth the flrst contact arrawﬁement,' there 'is a. great deal of
e e s : - s S

e, 12,]:‘

51gn was used in- the fabricatlon of MBEiirf

... . \ _., - .
'_that the substrate effects were overwhelmlng the observatlon of any of -

“y .‘.

B surface area

‘_’mask setjwit

'layer(hut it“was not used 1n.the processing. - _';;: R ~:K.
R s R g 2 , : o . SN e

e ) B . - M N . e oo 4 T . . N N ) - N, B H

3

~”the4mesafresu1ts Two steps were taken to improve this. situation g

_ 3 substrate metal cqntact by a factor of kO The

foLlowrng is . a descrlption of a'ne new mask pattern set

- . -~
Ay

There are four pattern masks required The fnrst is a full wafer

'an 1mproved geometry was de51gned in order to reduce the/a\

ZFirst vsubstrates with a hlgher resistiv1ty were purchased (7 000 - cm,,r

,an increase of over three orders of magnrtude ) Second 2 new pattern»'

pattern for the fabricatlon of the shadow mask ' The remaining-pattern o

e R .

masks are needed for the contact metal for the metallzation and*”

hE

bonaing pads and to delineate the etchlng reglen for the‘notches in the f-' -

;.;split contacts.v Another mask ‘was also made to open WindOVS in an ox1de

' O )

TR . P -l




A together with a wider Sepafation between the c"

The devices‘ are. grouped into “‘cells ‘vof,_‘.8_ :

of

T T 2

7 :‘_“_'j'xs 1.2 cm by 0.8 em with 26 cells on the wafer as” shown in Fig 2 5.

/\-

. /m'

—

esas. n1aced close‘-‘.
in order to leave'-‘" SR

. room to cleave t'he wafer for com:act processing ’rhe size ef ea(ﬁ cell

'..There are four devo.ce 51zes m each cell which have been placed

N symmetrically to allow the use of one mask for contacting both sides of

__t:he meéas »"I’he de51gned Iength of each device is 1. 45 mm ’ and the e

'_deSLgned w1dths are 0 35 0 55 0 75 and 0 95 mm,f”& The actual .sizesv'.',“

_ . .
, will depend on the 51licon shad.ow mask window openings : Two of the-

Cemer

o th-ickness In order t:o avoxd this proble

' f'aligned for patterning ‘at a t1me The contact mask design is thus_'

| ,window opem.ngs that will tésult ' : 'f_- e ‘:,

: -Alt.he"\' s:.licon shadoww mask because of the

-

"i'Fig' 2 6a depicts the‘pattern for etching the shadow mask and the

¢ 1’1

It is.. not p0551b1e to predict the final width of the windows in‘

B
7/

. .“- e
e

.ai,r:i'a_ti.éri" tn t"bé?:"vhfe-r_: :

the contact masks have been

- devxces have two contacts on each side of ‘ mesa to allow separate'!:-'_.} o
‘ _electrical measurements of each layer type A small mark in the corner T

_‘:"'of each ce11 will aid in 1denti€y1ng the n type and p type sides. o

split into pairs in such a way that only one side of t\'\ mese‘;isl'.(‘_‘:"f'-."_--.

1ndependent of the shadow mask window widih

i

The pat:tern mask for the contacts is designed for one cell only-':.,."v.fiz-.‘.

'-'.since each cell w:.ll /be processed separately The» mask will Opn a

indow on’ each device for the application of the contactgmetal on onej;_-:""v;,

& V

y';-:.side of each mesa The same mask will be used for the ‘contacting o£
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The numbers. 1-5 and letters’A-F are uséd in the text to

. .The wafer is divided into 26 cells of 8 .mesas each.’
. refer to particular sample cells:
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is,l 2mm which leaves about IOOpm at each end of the device free.-ﬁ The 3
split contacts are - similar but with a 400pm break in the middle

Fig 2 6b shows the mesa outlir,hes (dashed 11nes) along with the

: pattern for the p side contacts : Also shown in the .figure are nine'-.': S

o contacts on the substrate v hese are used to help characterize the'w.: :

Lo s A R . o o

o __:".registrationnnarks used w1th the later patter’n masks

contacts and discussed later '_'The'} ;tw.o" small squares are

The metalization mask has also been split 1n order te accommodate

"~\-":. -

'.'fvariat ons’ in'the window width ‘ Since the metalization for both sides

'is processed at once, a double exposure of the photoresist is uquired
' \ e

VW:Lth a pbsitive photoresist e :Ls poss}ble to expose the meta'lization:'f-

-iw1ndows on one’ side 'rotate arg'd re expose for the other side . The
"'.photoresist can then be developed 1eav1ng properly aligned windows on SRR
. . . s .‘_. ‘ B ‘v ]
both‘ sides ofu each mesa _ The metalization consists of v 30pm .wide'

- strips resting on the contact metal and bonding pads (250pm square) as :
-shown in Fig 26c R A ', S

‘ The procedure for etching the notches follows a"similar processingf’

'_."teehnique as- the metalization mask A double exposure ii used to]

"--:delineate both sides of the mesa for etching In 'some cases;: -multip.le*: s

' f'_ex.posures-"were done inereasing the size of the notch to ensure the”'-
u ‘

‘:'..'intrinsic regions were. fklll)’ ‘removed. (See Fig 2 Gd)

Since the mesas are quite Vlslble the msa edges theulselves ave.

'used for alignment of the contact mask Registration marks arev'w' :

'4provided for aligning ‘the. other two masks The mesa outlines along: o

: »
'-with the contacts for\both 51des of the mesa are shown in Fig 2 7

'.The bonding peds for the p side contacts have been marked in order tos
show the pairs of substrate contacts. R SO e

L
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: :""_-»_2 2 Fabrication of the Shadow Hask j‘ ,

’i‘he shadow mask is made from aTSil‘tcon wafer usrng an anisotropic _

' - "-‘-chemical etch There are several reasons for using a. silicon wafer as S

: \' ]

,b

-~

.-»_.»'v»‘“produce h desired shadow (about 1/2 mm) 4) Chemical etching

.‘.the shadow mask -‘*1) Silioon remains rigid at the ‘high temperatures
; %uired for MBE growth (860 C for the prebake) 2) Silicon wil'i not
) -'fcontarninate the MBE chamber through ou‘tgassing, etc 3) The thickness vi‘

'of a’ semiconductor wafer is approximately the same as that needed to‘;'_f'f’"f_

o procedures for silicon are well known and can produce a very precisef' "

"‘.':'.'»edge_:-:jfor. .b"._th_e hadow ,rkask m 5) Commercial siliCOn wafers vr.e‘:}‘"-,»

’ .-’: et

"-i_ﬂex’p'ensive. LA T R e e Lo

. . . .. . . | - -n(:; .'

" The method chosen for the shadow mask preparation involved the‘_._'.-’“i‘

2y ‘

. simplest design and processing procedure possible The etching is

__.3performed from the back Side of the mask toward the fr’ant forming a

V shaped groove in the wafer Only one. photolithography pgttern 1»3 ‘.';'ﬂ‘,-

- ;required and hence no further alignment is needed The procedure for‘.f'.‘

:.'}silicon etching is desaribed in t‘he next section ’I’he results obtained""f‘,;,;t,';"‘::»:

1 o im——n

__for etching the shadow mask are presented in Section 2 2, 2

s 2 2 1 Silicon Anisotrop\LdEtching

With an anisotropic etch the etch rate is dependent upon thexi -

<

' ,crystal orientation For the EDP etchant for example the etch rate in_.

‘ ',ghé (100)» (110) (111) directions so 30 3 pm/hr [18] | If (100)fjf{;,

S silicon wafers are used with an appropriate etch mask V- grooves can be'” .

f i S ! o
. tan a - 2 /2 or a = 5&*7 T TR

formed in the surface du/ to the inhi,bited etch in the (111) directioniyf,:

as shown i“ HS 2 3 t The angle of the groove will be given by




" LENGTR OF AB'= /2' / 2
LENGTH op 0B = 1° / F




There are many known anisotropic chemical etchants for silicon

."'“These generally consist of a strong alkaline solution which is used at *
elevated temperatures All of t:he etchants investigated etch fastest

| A"""_in th? (100) direction and slowest in the (lll) direction.t ‘l'he ratio

; of the fastest to slowest etching rates (degree of selectivity) in .‘ .
: t:hese directions is roughly the same for most of the etchants about 17 :v:'
tol | The main types of aru.sotropic etchants foj Silicon‘are given ’
here (grouped by their main ingredients) along with some of their
. V-IIPotassium Hydroxide solutions (KOH) ; " ‘:é
| Advantages include a’ fast etch rate (about 60 um/hr) relatively.‘.lﬁ‘
_v safe,/and convenient to workiwith .Their tnain disadvantage is the .,. .
:'-_ rap\id etching of the oxide etch mask | = o | “ ‘ ° '
' -.FfSolutions containing hydrazine e LR ‘ L
| ance hydrazine is extremely volatile these solutions were not | o
8 considered for this .WOrk .because of safety ..reasons“v ‘Their 'advanc-age§-_.
i'vinclude a‘JJiy fast’ etch rate ‘;-f':35f a'z;.liiiz;»;z ; Uhi‘;,; ‘f;i'tf;ﬁylﬁ
| Ethylenediamine Pyrocatechol (thP) v.“ﬁx;_'i'iéf"ngp ;;: {;- E “ﬁ?k ff{;
. D T T R S ey

This is a popular silicon etch cons:.sting of< ethylenedi&mine,

N .
i @

yrooatechol end water .vIt is relatively safe easy to work with,_ does

- not. explode a’nd is easy to clean up Advantages include a fast sili’t:on "“‘

‘ ‘.etch rate and a .‘slow etch of SiO2 masks. B "’ li?f. | f ‘ ._ *;Q ~ g
A,:Tetramethylammonium hydroxide o ‘ n / ... , °
; Advantages include alkali free etching which was not a concern in B ‘
.the shadow mask processing The etch rate is 51°\~'.(22 me/hr)
'l:;Ammonium fluoride = R S e T
| This etchant alis/o has a slow etch rate ) .' _': | ,f : - fb"ﬁ.‘




.4.

S ' ‘J Rl
' f,'.an organic mask w111 be quxckly destroyed 'l‘his is especially true at R

'k‘higher temperatures The most practical mask available is 8102

- oxide layer is "easy “to - 8‘0"-‘_ “‘3}' be patterned using Standard,f.-'.' S

7 - REEREE

| "'flzt:hognaphy and prov:.des suitable etch resistance Por EDP the etch}»;,'_j" .

'_"rate fgr 8102 was" found to be about 200A per hour ’l‘he gtch t"te ofyvl;

"rqu,\ire a: 810 mash of at least 0 Bpm thick

the oxide mask with the KOH solutions was found to be quite £ast about*_"i_‘-‘

.1oooA per ho\uf/ Etching a l&OQum wafer wi.th xon st 50 pm/hr would: L

-,

M “

"i-.,‘f""good ﬂut bec‘se of the fast etch of the oxide mask it was not used»‘_.,.f;,'ﬂ','

‘ ,.':ifurthgg : The EDP solution had excellent etching quali.ties and the”:'

oxide uask stood up well 'I’hls solution wa_s Chosen ‘f“ all further”"'

SR .etthing and good results/ wére obtained ln ,t:he fabr:lcation of tho shadow;:-

jl.nasks The last two etqhants were not tried since the EDP tesults were;

: -ad;.e,qaa;;;e-.: S T

. w‘a’l‘he KOH solutions were tried first and the etch tesult;s were»very-v.'_-'-f :'1 ', :




vy

Several factors affected the quality of the oxide., Any specks of' ‘

dust or dirt that were on the wafer when 1t was heat@d would result in

.'lbf'j.;pinholes in the oxide The furnace itself was quite dirty,,} during\
tbaking a black carbon-like dust 'wou—ld fall on: the wafers which al!o

' esulted in’pinholes forming in the oxide This effect wors°ened as the’_":." G

: »temperature was increased but 1f the oven‘ was' "cycled" while empty at

-"'h’igh temperature previous to oxide growth the p’roblem was reduced'

: The oxide 1ayer sometimes developed cloudy patches‘,}ghich felt rough tof

’

u:.the v,touch In general these regions did nota affect: tl'@ quality of thef._'-.'

'oxide as a mask although they dld appear to contain more pinholes."

"'There was’ a temperature gradient 1nside the furnace which esul’ted:in'a'l

H

"variation ih the oxide thick‘ness~of up to 600A The amount of“‘}_'."

_.availﬁe fresh air also_affected -the rate of oxide growth The - . *

L
e :

- »"‘,,‘portions of the wafer where the air flow;was restricted had a thinner,;_ s
vv,‘oxide layer- : By making the overall b’xide thick enough any problems:’
IF".due to variation in oxide thickness were’ avoided ;‘ B '_ o ) S

' The quality of the oxide grown by this method is probably quite

_po.'or HoweVer for the purpose of providing a protective layer for
A sxlicon etchmg it does ‘an excellent ‘jo-b The abihty of the oxide to
": 'hold photoresist. its etching characteristics (in buffered HF acid) and B
' its masking characteristic:s “in the etchant were excellent The only f’

uproblem encountered was with pinholes L ‘ .
The procedure for silicon etching with the.EDP solution is very i
s.traightforward The following is a summary of the etching setup and /

;_{ method The EDP solution was placed in a tWO litre beaker filling it .’ o

- about 1/3 full A hotplate with m:gnetic stir bar was used for heating
’ ..an_cl_agita_tion . The hotplate was connected to .a temperature cdntroller

- er . ,_ -, PP

. N .
L
-




"“',ithe beaker was found to sufffce The air flow 1

>

_' d wafer after 1t: was’ removed from t:he EDP' A very t:horough_""‘

, 'vrinsing 1n water xs req\’&red aft:er etc’hing ’in’order" -;?:prev.nt: this'-
"crust from forming i

The et:ch race :l.s greatly effected by agi.t:ation oi t:he soludon

:The oxldation process involved /in t:he silicéi’n et:chi.ng Breates\ ‘:ubblel’?:
I j‘which adhere t:o the wafer .t:he etch i&nhibited under t:he bubble um:il

. -

', waﬁer.. The Variation; in et:ch t:imad was




‘LTf? 2 2 2 Shadow Hask R su ts

.'*iy.width of the step (horizontal.

-

‘f:beaker

L

The shadow masks were fabrica ed,from»S" n type silicon wafers'!g;wi

'-:i:with (100)[’}ientation.' The average wafer thickness was 375pm whichh;fffﬂ

'r'will resuIt in an edge undercut of about 265pm on each side of theff’ B

2.

I . \'_'

ffopening\ The final w1dth of the window epening wi11 depend on waferﬁ% 7

I,.x.

;thickness Since the wafers used vary in thJckness by 25pm,_this canf;~%'f

,,\' . . ‘.. E

'result n ‘a substantial varlation in the w1ndow width of up to &Opm i

"l

. .:The thickness variation across ‘a’ single-wafer is small and no variation ﬂ;f;jj

‘ : RN
.in window width across a wafer was observed

f
.

The oxide mask will also be undercut to some extent wﬂich Uiqlf"ﬁ

'”5f;:widen the window due o etching in the (111) ditec ions An oxide lipﬁf%;?il

1
e

:";could be viewed on the shadow masks after etching and before the oxide;f ;

wjtfremoval and was found to}be about 8pm in width

: '.‘_‘c:_ R

i

o compared with the expected values also indicated an umdercut of 8pm L

“Q,JAn etch of 8pm along thef wafer <surface indicates an etch of'fj}:'

N "J

f.Measurements of themg'iif3

,placement of top ahd bottom'edge) whenfﬁﬁg o

hi58pm / sin a - 10pm in the (111) direction in the time it takes to etch;f7;<ﬂ'

fkfgthrough the wafer The ratio of the (100) to (111) etch ratejis'foundflifhgj

Ibe abOut Aaf*“

;»This is much higher than the ratio of JO 3 oftenfféwii



fcited in the literature although on. n»type silicon -atel ratio' ‘a: ‘high

.Successful afignment vas’ btalned

'i!‘fthe smaIl alignment tag The §hadow mask is viewed from:

,vside-




’A "# . . T

- he shadow edge As noted earller' the phySLcal w1dth of the doping

) sources and sillcon gih#ce will result 1n graded regions of about 20ym

~ The major contrlbutlng factor of flaws in the shadow mask wlndows

‘- . "

was the oxide quallty ' The small plnholes 1n the oxide would result in’ B

\u/

;the etch propagatlng along new - erystal planes w1denrng thealntended=

fw1ndow. Furthermore pinholes on both 51des of the wafer cont ute to

J'. 3

- two small planes which extend from the top 63 the bottom of the wafer

. lie in the (110) planes ? If left to etch longer the new edge that has

i ;s

been formed 1Puld contlnue to eﬂlarge until’ the (111) planes at each

-+ end of the mesa wvere reached re%&l%ii\ng in a wlndqs w1th a wlder wxdth

¢ ";

In the same -SEM photograph; as small 1nverted pyramld that has .

resqlted from a plnhole may also be seen The 512e of the reCtangle is:

.A

'determined by the’ extent -of thed orig1na1 pinhole 1n the_ (110)

4 .

f»directlons ‘ Plnholes 1n the ox1de that 11e far from the pattern edge

.d). *

h?:(either 1n51de or out51de) will not affect the edge quallty Plate If

. 2 3 Superlattice Fabrication ‘f' fj AR L ~.'5;’} ;=,

o S P 4 e . o
orientation'tag;, oo . 4 . S o - £

N

- .

5super1attice layers - Two factors make thls technlque diffbrent from

Tasd

’normel MBE growth The substrate 1s not rotatlng and the shadow mask

-.shlelds the substrate/from th. heatlng sources 1n the chamber Details

L

The second stage of' nxpi fabrlcatlon 1s the MBE growth of the

26

these faults,v Plate Id - shows a serlous flaw which was caused by a

pinhole (or.several p1nholEs)-near the ed%a\\f the oxide pattern The _’

shoWs two cells wlth the w1ndow' openlngs for thed mesas and the R
= B 4 . .

of MBE growth and results for the layers grownrare presented in this ‘:Q

: section } "."x"”," R

ey



. o °ther'in'the holder.ijhree small tabs are used"o hold the two wafersiv!'f'-

. with boron oxide in a silicon nitridelcrucible A V G Semicon IBD 1001_"

E ‘substrate fused together | The shadow mask broke eithed"uring ceoling'

Ty

‘.extremely clean surface for epitaxial growth

u;K cell is. raised to the desired temperature Next a: thin layerﬁ

'_computer program is started to control the shutter operation of'the

fﬁf7doﬁ¢hg sources to grow the superlattice

AL
L 3 v

’ .

All samples were grown in*a V G Semicon V80 Silicon MBE machine%?

:._at the NRC The doping source for the P- type layeﬂs 1s a Knudsen cell {}~Qﬁ5

-

aon beam doper is used to produce SOOeV As ions for the n- typ%ldoping 'lip';ff

E An e: beam evaporator provrdes the :srlicon source.- - llthough .the n

1oad1ng system on the MBE, machine is set up for a" wafers the tantalum
1nsert described earlier allowed 3" wafers to be used with the standard:f-:
loading mechanism

The shadow mask:’ and the . substrate are placed one on top of thep

S infposition. fDuring two of .the growth runs, the shadow mask and the

¢

~ oL ‘in attempting to detach 1t “The- problem was. subsequently avoided by'u;

placing Small tantalum shims 10pm thick between(the shadow mask and the; '

N 4'-} B 4
wafer

o B w
"L\

—

'.”( : The substrates were flrst given a 50 minute ultra violet ozoner~”'

treatment to remove carbon contamination before placement in the Vacuumf,f'

; vsystem;' Any surface oxide is removed With a high temperature bake at.1

860 c for 5. minutes An additional 5 minute bake with a slow sincon[iﬂ'ff

flux is used to’ “tickle" the remaining 8102 from the surface leaving anﬁar‘;“

-

s The substrate temperature is then lowered to the temperature used”‘ '
4 . B

?for growth typically 650 C to 700 C L With the shutters closed the fpl

7£ﬂf;]r;=3=

.-:& e

.?silicon is grown .on: the surface (about 700A),1‘ At this time,bthe”

Ihe base pressure in the HBEi




"'af e SRR oL T

chamber was typicallyr3x10 'torr with'a'pressurelof15x10-q_torr_duringf._;“?'

r"growtﬂgkyThe depos1tion rate was about 180A per minute

Some of the wafers have a rough surface which reSembles orange'

'

”fi‘peel '. This is shown in ‘Plate .IIa. and in- more detail in an SEM;.
‘pphotograph in Plate IIb for MBE 360 Since the mesa is only 1. Spm

..:dthick it appears that the” damag\/may be right through the mesa to the"

jsubstrate.i In the case of MBE 360 the damage is only on the edge of"

soﬁe of the mesas, but with others such as MBE 368 the damage covers'

- the entire surface

i

With the. shadow mask in place the subStrate-isihidden from‘the;

heating source by the‘iask and will probably be at a lower temperature_“

;than ndrmally expected However,»it 1s_not;p0551ble to‘determinevthe
iactual substrate'temperature vhen the'shadow'mash is used ' It may be
that‘the temperature of the substrate.is too low to support the usnal
’processes\ either during the cleaning steps or during growth Whether
‘ot not this is the cause of the rough regions has not been determined
'fbas yet i | -

Normally the substrate is rotated during MBE growth : With ‘the

\

“shadow mask_method however 'the substrate must remain stationary in

forder, to make use’ of the Chamber geometry “The . direction of the"~
’ silicon andAdoping beams have been optimized to provide even growthd

,whenvthe.substrate 1s~being rotated Hence the molecular beams areg

»expected to have a. higher dep051tion rate near the outside edge oF theii

":wafer The: thickness of ‘the mesas and their doping profiles will then" L

\

.vary across the wafer In order to have reliable information as to how-'

'llthese vary. measurements of thickness (using a surface profiler) and'

fth?

'doping (4 point probe method) were made for ‘non- rotating substrates;.:ﬁk'”:”



o Summarized in Fig 2 10.

E ‘,'The results for the boron and arsenic doping distributions are given in
'Figs 2 9a and 2 9b ‘ The variation “in thickness for MBE 360 is -

B

The doping profiles for two HBE 3,60 amples were determined by

SIMS (Secondary Ion Mass Spectroscopy) an dysis by T E Jackman (NRC)

and VJ'A.‘. Jackman -(CANMET) The boron and arsenic distribution Eor " v. B

MBE 360 #SB 1s shown in. Fig 2. 11 where the y axis represents the mesa

>

.~surface (Different log scales are used for the two impurities ) The .

. concentration accuracy- is . % -10%' The expecsd SIHS rolloff is one )

3

. decade per 200A Thi.s is .about the same as the drop off on- the right

Y -,

' hand side of 'the peaks so tl%e doping profiles may be sh per than what
’Y .

: .qu,xi Lo
of; onm period isa,'

I’. N '\I
40A which fees favotably ey

Ry ;51/

'i'he boron profile is shifted by about 1/4 of‘aa leyer tﬁg.ckness .

e

wlth the expected m@ea‘%m}-n :hi,chye*s for this sample as shown in
.0"‘29 2y B e o
Fig 2 10 T o '”\ } Lot T 2 “ R ‘h'.')

‘ from the expected position of halfe-way het\feen the arsenic peaks." This RO

‘Aoffset is also ev:.dent in the SIMS depth; profile of MBE 360 #lC shown s

in’ Fig 2 12 In this case, the beam conditions were chosen to allow'

simultaneous detection o£ both 1mpurities dn‘so the off,set canno}; be
. . .4‘: R ;

attributed to. the measurement method Possible cpuses of tha offcet

Y

. include the imblan@ation of. arsenic ions and residual boron dop’ing

l \ A

after the K- ceil r‘shu.t:ter has closed due to a rich boron layer at tho

' growing silicon surface‘ [20]
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ey SILICON souace Is: 5" orF—AXIS
FROM THE SUBSTRATE

I’

Fig 2 10 Variation in silicon thickness across 3" vafer, o |
Te S Numbers indicate t}\ickness of mesas fgom HBE 360

. . ’ . o o : U\r ;4
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'CONCENTRATION (ATOM/cm3)  «
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Fig 2 11 SIHS analysis of:. doping concantrations in HBE 360 #SB

Depth 1s measured from mesa surface
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o the.wafer :

'3

o)

_ / s

F 40& and 405) were grown with IOOA intrinsic layers between each

doped layer to reduce the compensation v o f . f : "‘fﬂff

When plotted on 'a linear scale ‘ 'the :peaks of the impurity
: T, .

:‘3géfiif

concentrations exhibit a. 51nu501da1 behavxor while the troughs appear_-f~w'

. to-be linear-' When ‘the’ total doping (N-y' Nd) is considered ‘thei

Y

doping profile will be dﬁtermined by the shape of the peaks and ;her,;v

-h".

' o/
v doping concentratlons for the nlpl 's may be modelled with a 51nu501da1

"'~approximation Doping concentrations for other mesas may be estimated‘

from these SIMS - results and Fig 2 9 for the doping variation across”

/7

'Q.'E'

7 .‘ -

Table Q 1 summarizes the parameters for the MBE samples processed ’

-to-date 1 The first two samples MBE 318 and 321 were grown with the

first mask design on Czochralski (CZ) substrates The rest of the‘“'

floating zone (FZ) substrates The majority of the processing and

. testing has beeh done with MBE 360 MBE 368 was grown with thin layers

e

but because of the extent of'the surfade roughness it has undergone;,”"_"_i o

. samples have used the new mask de51gn and all except MBE 405 have used -

very little electrical testing The nexg‘sample grown,/MBE 391 wan:;.,

’g designed with wider layers but for some reason, there is very poor__

' writing

c.,.

definition »in4nthes doping of th layers (from SIMS analysis)

VIR

Electrical characteristics for this sample also show very poor diode'

'
N !

behavior..s The 1ast two samples were processed together on differenthj_:

substrates in order to help investigate some of the substrate effects

Few processed nipi's were available from these samples at/the time ofi'
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¢”Eontact Fabr idation :

' After MBE growth of the mesas ,/the next stage inv‘the nipif h;
-fabrication is the processxng of the contacts f The steps involved
including growth of w ox1de layer. _ lithography, metal deposition and_-‘

processing are outlined here. 1 As well the plasma etching of the notch‘;

o - 5.

~n

" ‘and " the chemical-tetching--of the‘ substrate' are described ' -Some--'W

servations of the physxcal appearance for ‘the varlous contaets are

also given but the electrlcal characteristics of the contact metals are'f

v discu sed later 1n Chapter 3 ldbi[ E ’; i-h”> -vl," 'g 'J*;p,f u.”i3;~' .
'oud.mﬁm"r | -1m' ol ‘ff;y e
'.;‘:‘I der to provxde a mask for contact proce551ng and a protectivek,

layer between the bonding pads and the silicon'substrate a SOOOA thick_:_h

I -~

"yer of SiO was - sputtered onto the wafer immedﬁftely after MBE[~
¢ o
Windows were opened in the oxide for the contacts by using thefg o

rﬂg;; appropria;e pattern mask and a bdffered oxide etch o "f e 'Z'a. -

s

1 tinum Silidlde R .";i;'pr Lo ;;-}- ER T <“;'
S S o "-}f S .
Platinum s111c1de is used for the P- side contact After the oxidef:

. windows had been opened and the photoresist strrpped-the samples were"”

4

; taken to Carleton Univer31ty for platinum sputtering ‘ A 60 second'

backfsputter was performed as a final cleaning CQ remove any oxideit
followed by the deposition of SOOA of platinum The samples were.. then;-'
baked for 30 minutes at SﬂO C to form PtS& The platinum silicide will-iu

only form in the oxide windows where the platinum is in contact w1thu:»hgif

.

”ﬁ, che silicon and the remaining platinum is stripped in aqua regia

B The platinum silicide contacts haVe a smooth uniform metallicg/1=;5 ‘

appearancé as shown in Plate IIc (top contact) and Plate IId (bottOmpgﬁw




o uggnesium R ".{' - \ LT

_ gcontact, shown with metalization) The contacts also adheted well

T opened 1n “the . oxide but
S :required for the lift of ‘process'--.;

.j.deposxted uslng thermal evaporation followed by a layer of aluminum to

S places the magnesium appears to.have peeled o,ff the si.*licon | After
A ~

"._‘annealing, some parts of the contact became dark as. if it oxidized

.'prompted the search fot an alternate n side cont.act' metal

S O] d-engimogjz ‘ S

J"‘

.¢'.~

Magryésium has been “l ,éd for the n side contacts. "'Il‘hef"vind‘oﬁs's’re

he photor “ist is not stripped since it is

A 3000A layer of magnesium is

.prevent ox:.dat'ion of the magnesium A lift off process is used to

Sttlp unwanted Mg Al : The .contacts are then annealed inéyd rapid

Ly
¥

thermal anneal (RTA) oven at 300 C for 10 minutes

DR

The Mg contacts have‘ a very unéven physical eppearance "In:.some:e;»-."'
. . e

These feetures can be " een to some extent on the bot"&:om contacts of

Y

S N S . . - . : Cooie '.l_ L
‘ -

‘4»;:;'lift off process is also used for these conta.

.:che, ‘srubstra,te



el

The metalizetion pattern is made up of SOpmuMide strips placed;‘
'4

directly on the SGpm wide contacts ‘as well as 250pm square bo&ding pads_::" ;

which lie on the oxide - The metalization consists ofra 300A layer of s

:¢ titanium followed by a SSOA 1ayer of platinum and topped off with a.{'i;“}

N

3800A layer of gold These were deposited by evaporation and proceSsed“ﬁﬁ“"

using lift off lithography No major problems have been encountered in}:9“ .

the metalization process The m talization on the’contact can be seen_=~ L

o in Plate—IId and the/bonding padﬁ re:shownyfor‘the'split contact mesa,{A

'3 ) ) ‘ L o VRN
ﬁ..hn Plate IIe RN g S T T e

‘ The notches for the splitwontacts were made by plasma etching

-

Windo’s were opened in the oxide once mote and the samples were etched-

Faal

for sif'minutes forming a: notch 2 Spm deep Since the meses are l Spm,‘"

Tf high (HBE 360),_the mesa has been completely etched away in the notchb,d.;

region as desired ‘ The rate of the plasma etch depends to some extenti_’ff*'f

feo ,on doping The transition from the p i p i to the p - p n regions isf'f

T:; visible in the notched region which provides anfexcellent indication of,;f

e whethel the notch is wide enough This is. partially visible in the topff:.-f~

R

notch in Plate IIe

The silicon and doping sources 1n the MBE chamber are also offset;“'
4 . Y R R S

in a second direction which results in _one end of the mesa beingj

shadowed from both the n and P impurity beams In the recent samples ;ﬁfff,}f

e
o

plasma etch

szhmxm Bsch of Swbstrate .

-

-

: these undoped portions of the mesas have also been 'removed by the :

'I‘he substrate surface has also been et:chedﬁ before making the:‘...

et M N ".. ‘> ~ N



."?E'.effect of thi.s etch is discussed in Chap’terh

a0

chemical : «-etch (HF ‘HN03 CH3COOH) used to A ‘;*ove approx;ma‘ely}.

‘“‘:0 1 0 Zym of the substrate

'I'he etch rate 1s dependant on doping‘_

. '.as shown in Plate IIf : -The silicon mesa, along, with the_ ohtltne of the

, _'bOron and arsenic deposition ate vis!ble demonstrating tha offect of

jthe shadow mask Tﬁe widths of the intrinsic regions agree with whatf X

r

_"was .expected ’rhe end region 'of the mesa wi.th no doping is also_

.“-—( . . . ‘,'.

apparent in this photograph R



la

b’

1;]

‘Superlattlce;' The mesa 1s -on the top of the photograph

. 5urfaCes.lie-in‘the»(lrl) planes.'fn ‘. }n'h f_iu;'

CAPTIONS FOR PLATE I .

%, N e

.'.’Mesa edge‘\and SUPerlattlce 1ayers : _‘? . B

The portxon of the mesa on the rlght Slde of the photograph hasﬂ
e t

'dundergone a chemical etch expoSLng the 1nd1v1dual 1ayers of thejﬁh»f

W1ndow openlng 1n the 5111con shadow mask ‘_;g,

;;ShOWn here 1s the small tag used for orlentatlon »;Thé"e;chédfa;};”

-'Detaxl of an etched edge of the shadow mask

This 15 the bottom edge of the wafer which 1s used as the shadowl’t

edge The small varlatlon shown w111 have no effect on the nlpr"

h-fquallty 'f' » jﬁtﬂ‘ ,f'h, ST f74'~V,.v PR ﬁ

Id .

Ie

1f p

lclose to the right 51de is due to.an ox1de pinhole :

‘the_etch; = "vb ;ﬁ T e e 4

:~frag11e

}

Shadow mask wlth a maJor fault along one edge

rThe two smaller planes 11e 1n the (110) planes The small p1t o

Sloping faces-and,window:opening.éf'the*shadow mask.xf
Mask openlng v1ewed stralght on, three of the sloplng faces of

f.tﬁf wlndow openlng can be seen. Center portlon of the photograph

'VIS the wxndow openlng { The dark corners are due to mlcroscope(,

' lightlng A polarlzer has been used to enhance the varlatlons in ;»f '

Portion of shadow'mask showing windoWs for7tw8 Cells ‘ , _
el . _ _ e
. - |

rPlacing the mesas closer togethgr‘cbuld make the shadow mask very
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" -CAPTIONS FOR PLATE II.

et

gijaa Corner of a mesa from MBE 360

| Z:The rough portrons are evzdent oh the edge of the mesa.‘_ﬂf*f

'?fIbJ.Detall of the rough MBE growth from MBE 360

'ijince.the mesa lS less than 2 pm thlck the damage may be through:'k"

‘jthe entLre Superlattlce depth

_fIicf;Mesa w1th contacts produced w1th the flrst mask

P

e‘Theetop‘ ntact 1s PtSl and the bottom contact 1s magne51um TheA o

',;Idp'c$f§e£> '
:Thls”contact’was produced wlth the second mask set FThetéoldff
&;_netallzatkon £3O pm ulde) can be seen An: the central reéron of the:ﬁ
contact (50 ym w1de) 3 The.placement‘of the contact‘across.the”
'a,meseAstepvls ev1dent.: The 1nset in thg upper rxght hand cornerv}ﬂ.,'

e .
,:44

shows e typical magneSLum contact (also 50 pm w1de) ':r't;h‘f fha: “:;

" 1Ie PSpllt contact mesa Lo 17.’f'5 ' }‘.'3 i
o *The p051t10n of the spllt contacts and the plasma etched notches;h
Sy ”h : . . G e
'Ia;' hown On later sﬁwples the notches were cut further Lnto'“'

the fn.i.P_ii .

:zmagnesium;” ‘u,;,_fp ‘-kh. R
. A R . R .
:IIf_4Mesa and substrate after surface etch e Lot _ e '

. ’ i * ) . ! v
,fThe outllne of the reglons of arSenlc,ang boron dep051t10n can be P

.

_‘seen on. the substrate . The mesa ‘was’ not etched

A







lighs]ing.-hh‘iflﬁ',k Chapter 3

Contact Characteristics
N :

.

l

contacts must st111 exhih;t some degree of selectiv1ty For example,

—
\. [ ¢ v

. '

AN .
v l ! »

v o highly rectifying behavxor with the shbstrate is, required

p...'J.

R B

. \

"ﬂ originﬁlly intended to: be part of this thesis .the problems encountered-'7

.Q-éa y with the large reverse bias 1eakage currents found in the n1p1 s haSj;“

o

7{'dﬁu51,made this study necessary In order £s; present the results in a clear .

o

LAl i . d
. . o G . v

‘»manner, ,an,'introdUGtion. Qbe Ftheory of M S Junctions and;,the}f'

O o - v‘;.

e . o
I . .

i . g . .
;e N . w . ! . : o

‘ }1,7' ‘n- side contacts B ;{
o Ea S .
: aJ L B fiﬁ RN S .
e 3*1 Hetal:Semiconductor Contacts.

[ . . 4 TR e . . : . .
RS . ) , ,. . X o ¢ 1 . - .
~

H

Junctions is due to Schottky [21] i« ghis model -which is based on the.

@

carrier diffusion acrOSS the junctiqn..is described in many referencesfi3>‘“

ﬂj Such as . Muller and Kaminsv[2g] and Szer[23] The relevant equations .f"{;

EAN

The fabrication of selective metah semiconductor (M S) contacts 1sf7
crucial for the successful operation of nipi S. Although the use ofjg"f*

the shadoﬁ mask has greatly reduced the selectivity requirements,_thehf

_on the P 51de of the mesa{ the metal 1%%expected to provxde an ohmicdﬂf_.h
5 R

. contact with the boron doped layers while maintalnlng a rectifyingdv

uld?' barrier to the 1ntr1nsic'layers - Ai§well because of the largef :

contact area and the contact placement ‘on the edge of the mesa, fa__

;i»if- In this chapter the electrical characteristics of‘the n- 51de and'h:::"

- Slde contacts are investigated> nlthough ﬁontact behavror was’ noth""”‘

measuzement methods used is ouclined"in Section 3 1 A:summary~of somef4"y
’of ‘e- compllcatlons encougﬁered fs gLVen in Section 3 2 ;Tﬁé;'

sy remaining éegrsections dichss the reSults for the p-51de contacts and;;

A common approach to the theory’ of current transport in M S.”".'“

~




theory ay_)g from Sze unless referenced otherwise

LT . be ween the lowest empt states of the metal and the lowest
: 4'9.Bn \ y _
. electron o

) ‘J

fabricetion 'of rectifying contacts‘ t0x p- type silicon much more‘,_a}.}

'f‘f_ difficult ﬂ;.f_',;:f_g;'i!f{fllflf;”;ﬁ7ﬁif"

heve been summarized in Appendix A All future references to Schot,tky;

The M S junction is characterized by a potential barrier height-‘

conducti band states of the semiconductor._

typical ei'\ergy level diagram )

affinity f the semiconductor , 4

«,(

'semiconductor-s including silicon the barrier height is found to:'u

depend on another factor The effects of the surfeoe state density may~-_ R

be sn.gn.ificant enough to pin the Fermi level et the semiconductorfl;;f

surface and hence - fix : the barrier heéght For silicon, ‘ this is»._ S

tia

typically “true with barrier heights of around 2/3 E (22] rh5f7="’”
i . r!

reletionship,,; _g"f- q(cﬁBn ‘+ ¢Bp) ;melies that on p type silicon theﬂ

bar‘rier heights will generally be quite low (1/3 E ) which mekes the

Ohmic Hcontacts can: be formed in several di’fferent weys First | if 7 :-f,

the berrier height is small conduction across the barrier is possible‘”,'"

due to thermionic emission " *On silicon,.‘ a. barrier height of about-"-’

0 14 eV 1ess will suffice For example,' platinum‘ "ilicide":.'f"ffn

diodes Another method of obteining ohm__c’ conte‘

by using a metal-

,,-n ' or o ;netal-p P doping _arrangement '
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' Figr.3{1 Energy level diagram for a’ metal semiconductor junccion,' g;f;":'T
- - Shown for PcSi .6h. 4 Q- -cm n Cype silicon S
L ‘ I IPU




elling through the barrier Tu:melling startsl.ﬁ‘;.'_':_ B

to contribute to, the"’contact current when doping 1evels reach about'"
e N '(' : L

10 [13'] A11 three methods of obtaining ohmic contacts h(aveﬂ_l"i

. been used in- the fabrication of the mesa diodes.~ R

For rectifymg contacts ca’ high bar&er height and moderate doping

levels are: requ&red A Schottky diode is formed between the metal and.v,:.;._»,a

':vf» the semiconductor where the metal acts as the positive side of the.' B
diode. It should .be noted that the vcurrent wiil be blocked in one
direction only (From semiconductor to metal) which must be taken into:f-":-'

" account wit‘h the mesa design

L Measurements of the contact cha;acteristics will of course require_'__“ﬁ- o

ti;ro .vcontacts Th.e testing "procedures consisted of placing pairs of

' acontacts on silicon substrates of different dopfng concentration Tv/o

]

' .M S junction

This is ndt the best_. measurement technique“ as:



.- ,aI _ aI,m'IOA Vn/kT ._v.‘v:'__,“I'mso” an/kT
LT T @ 1+

-l

.f:_linear I- V behavl

o fcharacterizatidn of the contacts is possib el iﬁj

S

.

7

»<)‘. 2 /

.. -_;,./

i

L

.":and W is the contact width Although the current path will be 1odger:

'Q

e
At*‘measured resistance wlth the‘ expected? values 'of Rc and Rs,' somef
. jtiapproximation for the average current,paph across the contacts ‘n_ jé;_.

o : o . R 3 = s
'*f-where T is the wafer thlckness,bLs is. the contacd separation distance,

fwhen T-is 51milar to Ls in magnltude, the res1stance wxll actually be >

e : A 0 , |
3 much less sincc the current path s not llmlC;d to the reglon between'

.the contacts fﬁly Hfﬂ.lf t;l}.f%-‘-'_- &:' l” tn, k

,Reh- Rg-:f_kf}iélﬁso(O)fd:ﬁ_ i‘,:‘ - FR R

the deriVative of Eqn A 1 ,j-uj_i.'f‘;gef

i

r‘

g ?

approxlmation as found in Appendlx

s o . . E -"“»"’"’e .

For the opposed diode arrangement the cuxrent ﬂestrictlons will beaf

'_simflar for each dxode when V : Ov and hence the measured re51stance

'.P' E

Rm will actually be of R = 2Rc %—Rs ‘ In order to aVold any effects ofﬂx

R

the forward biased diode -Re is also calculated for nen"aero Va ‘?:.

W € ‘ ) .":_‘i‘

L

exponential terms’will be negllglb1e 1eav1“g ‘ilf

. The contact resxstance is bstlmated by using the relatlonshlp o

betweq‘ the current and the applled voltagedin the Schottky barrier'”

| ”(A'.",m) o

and letting Va be negative (for the reverse bi?sed diode),, the /Tf"'

f: and (b) the contact resista e Rc due to the M S{l~"'l

‘“l?fbarrier will r sult in a diode 11ke I V behavior/ By comparing the;r“5li

The substrate res1stance canb be « stlmated by usxng a siuole[‘;{-:g



- Rc1- avu/al - 2(¢1- V.) / Im j “ .. “ (BJ‘) h

As an arbitrary choice ?contact re51stance measurements have been madefﬂ

‘u

"f at (¢i - V%) - 1 as well at \h - Ov in order,to better compare thei

measﬁred results with theory rgsaﬂ-"57r"MT

e

'measurements are the same size asT'hefﬁ‘:

%,
The contacts used for the

i mesa contacts (1 am by SOum) ‘ They were placed in pairs with widthsifffi””

?

Ls of 300 500 and 700ym In addition ;contact7 Were placed on thefy,

suﬁstrate with each group of mesas processed : It was hoped that these": G

/"

would provide sqme insight into the large _'akage currents that were”_ —

found 1n the f1rst samples grown For each grou_”'A esas there wereﬂflffff

three n n pa1rs~y three p p pairs and three p n.peirs as shown inﬂ~fiﬁﬁ

Fig. 2 7

v”_ 3 2 Reverse Bias Effects Vs"_fhiif L,uquj‘f:'

Although the predicted I V characteristics are assumed to followfg“;

the theory of the Schottky barrier which is based on the diffuatenrﬂ
Ry L
T ;properties of the junction, the obserVed I V curves appear td be quite;,

different in many cases Beﬁ.fb going into the details of the contactv'

.(' R

,»results;;vthereg,are several. other complications 'that ‘need to'

mentioned

LLow




/-

. el
D A S

violate this condition ‘ Using a current of 10 Av-at 1 Ov (t&pical for

T v

concentration of n 3x10 cm which 1s much less than Nd "'* Howeve

magnesium contacts on FZ have a low barrier height: which allow much

.

higher Currents For example a currint of 3;0 A at V. -»-Sv wi11

resulta m a carrier concentration of n= 10 cm = Nd.~_ Under such
. : Y

covnditions the assu.mptions of the Schottky theoﬂ' are no longer valid

o
theory [23] In this case the reverse bias current is independent of

both the doping concentmtion and the reverse bias S:ane the observed

. -

v'l . R . ;..

I V curves appear to- follow the square root dependence on voltage as

» . . . __;

I
to characterize the contacts LTy

w

semiconductor will be reduced due to an effect known as Schottky

Y

barrier lowering [22] ’I'he metal ccntact which acts as a conducting

plane- will have the effect of a positive ilnage c},\arge on the e]iectron"a

reducing the barrier height.: For FZ- substrates '_-the' effect is

ﬂ

Table 3. 1 below » Although g\e effect is even larger at higher doping

two. - .ﬁ' orders "above"ni and hence only smalI currents are needed to

g Another approach to'current transport -i.i thermionic emission

given by Schottky theory. thermionic emission theory has not been used

_platinum silicide FZ) w111 : result in an injected carrier

"Un’der’-‘,reversel bia's the barrier to electron flow from metal to

negligible but for substrates with Nd on the order of 1015cm 3the cel

barrier IOWering will cause an increase in the current as. shéwn in RN

leVels rectifying contacts onwsihcon with concentrations highe,r than v

10 cm have not " been required in the fabricatiOn of the nipi s - 5;, ~'_"



However, the corner'on:




: : ":/f% {}’_
Schottky diode [24]

The effect is_very sensitive to the oxide width:'_‘v

.slow turn on of,_-v_"'.th forward bias current Fig 3 2 depicts o

qualitatively the resulting -change in I.V behavior for variou‘s ontc(ide{;

| widchs ‘* R T

J
/

e T

Th effects of oxide contaminfatlon between th metal d

T e . .4-1 ,‘-.,.'

semiconductor has also been descnbed in: other terms The oxide lrayer"':

“'_vvhas the effect of drastlcally changlng the expected barrler helght of

"","jc’he M s contact: For ajl.uminum contacts on. clean p t.ype .Yl ‘n- typeh“".”-'

"‘:."'_silicon,v the barrier heights are expected to follow ¢ 3 ¢Bn ut

, ,..,{._oxide formation during evaporat1on w111 cause ¢Bp to be greater than;_;j,'-‘-_‘.;.

.

.H-_":,..¢B Wlth q('ﬁBp + ¢Bn) Eg at all times [25}/ . In the case of antlmony RO

on si11c0n the oxide formatlon w111 have the opposlte éffect resulclngﬂ':

g

in highdr barrler*height on- n type sxllcon [26]
| :Each i‘_th.je. effects ’-‘ greatly/ 1ncreases _h difficulty

ﬂcharacter’izing the contacts consxdered /in this work In addition BRIRE

P - - - »

R other effects speciflc to particular metals also may be commg into-;‘ S

"b'play as described in the follow1ng sections

vA_.' N

?3 3 P Side Contacts ._-'--F: Pt LSRR

for the p sxde of the mesa, the contact metal is expected to form'.'_-‘

,.;'. g .-an ohmic contact with p type layers but provide a rectlfying barr:.er_::f‘ e
. S R
v

,with the intrinsic 1ayers and with the substrate, Foi: the NRC MBE

v.chamber, the intrinsic layefs are in fact lightly doped n type with»y.

been' R

+

/\Nd ﬂ lO cm 'l'he substrates used for nipi fabrlcation haVe also

lightl.y doped n- type with Nd ar 10 (C,Z wafers) and Ndm 10 cm

ey :.._“I-‘Z"wafers)







';--in the range of 1000 Fig 3 3a is a;;xn;cal example The value of'fff

L,

| . dependence expected for a Schottky barrler A p0551b1e explanation for'.- ‘

.»vof the p_type layers of the mesas

These contact requirements can be met by usin-g-—a Schottky diode

"1

'_with high barrier height Platinum 5111cide provides such a barrierc."'-

\' 3.

-',:'and has been used for the maJority of P- type contacts '_ The barrier
height for platinum si]_icj_de'ﬂi-s_‘q¢ -.‘- 0 85eV and is fixed by the:f-"

v"’-pinning of the Fermi level [23] Results for the platinum sxlic1de

J

'i.l‘_‘,material the low barrfer of q¢B Ve 0 26eV should be small enough to'

’allow ohm1c behavior with the predicted values for Rs and Rc are both.-

”_profiles of the I \Y curves are fairly linear but show a slit upturn_'.'

.‘:a_s"'the‘ bias - increases which 'i,'s_'t'h'_e. opp051te of the square.root'

.

a

Platinum silicide on p c,alj.ﬁbe observed wlth t:he mesa’ splitxﬁ

Lt

'.‘contact‘s before..'the ’etching’ of .‘the' notch; The I V curves (Fig 3 3b) o

a-

. are quite linear and have measured re51stances on. the same order ‘as Rs
o "Fo'r both the P type and p ' s'ilico'n contacts have been formed w:.th a

“'.f’."low barrier height and wbich ex‘hibit an ohmic behav1or Platmum"

o ag‘rees— favourably- w:.thi.the .value'- of the ‘contact 'r»es'istance”:'a’nd ‘is-,-much

,3 LR ; R T . : _ i

For platinum Sill(:lde, on n- type silicon the_'-meaSure’dVreﬁs‘isﬂtanc’elﬁ, T

cpntacts are- summarized in }‘able 3 2. g Fpr platinum 5111c1de on p typew:

the resxstance 1mp11ed by this flgure is' higher than predlcted The

gthis is the formation of a thln oxx.de layer (Sec 3 2) which could:._ﬂ;."_'"

f.expla:m both the observed profile and the higher re51stance , ‘_" ~ _ ‘

silic1de is. therefore expected to perform adequately 1n the contactmg S

. : _'larger than t'he substrate resistance Re51stance'measurements at both-b'_';g_,
“:'"Nv' = OV and V. - 1" agree With the predicted Rc values 'l‘he I- V curves'” S

e ,_:also exhibit the expected square root dependence as well See Fig, 3 4 .
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larger ; than

for a typical example‘ The ' observed currents were
predicted though and curve fitting with Schottky theo-ry indicates thatff"l’”:"
: a smaller barrler height of qu =r OQSeV may have been formedk

| o The reverse bias current 1s a very sensxtive function of fthe".-."'

~

' barrier height qa Although for platinum sili;.ide . qdaB is generally'b '
listed as about 0 BSeV several factors can aff;t its value ‘_~‘~" One
possﬂ)le source of complication is assocxated with the\ reection.-_‘:"::'s o

kinetics for platinum silicide which follow; Be 4 31 - 9:251 - pgsrf[ S

[27] If annealing is done at too low -a temperature the reaction'f

could be halted with only a, partial formation of PtSi : Since the".‘:"".'
annealing temperature used by Andrews {27] to obtain complete PtSi‘;:"','f"f '
formation was 600 C in comparison with the annealing temperature of

400 C for the PtSi contacts tested here Since the barrier height for‘,f'.»_.::'
P .

28i is Q 78eV partial PtSi formation could yield a barrier height :

. . Pt

anywhere between 0 78 and 0 87eV - As mentioned above, by reducing the_"f-t*:

barrier height to about O BeV close fit for the n type I: Vv.' curVes canv‘_-'.

be ‘bbtained For the FZ,substrate,; even when the barrier height _is'

E '«;a_ reduced to 0 78eV the thedry and measurement do not match
i SR e T ,
’For platinum silicide on the FZ substrate, the calculated velu )

C

- carrier concentration The measured results show the opposite e%ecta

though with a drop in the measured resistance
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LN

..)

~'-edge effects Since the contacts need only operate under small voltagehff’nf

present a problem ";' .j : f: f}r:“_,J"

T - 2 psec . As V. increases, the current takes -an upturn as shown in .iﬂ

Fig 3 5b The current'is small enough that the carrier equilibrium._;uj}

condition has not been violated _even at Vi - 10v As well Schottky;¥f5

barrier lowering is not expected to contribute as.- noted earlier Itlis gt

,-.

':,:‘speculated that the current increase at the higher voltages is due toﬂf5-“u

9 LI .’

Y :._

: conditions (+ 2v),rthe increased current at higher voltages does not&”ﬂﬁ*‘

al N ‘. A . ‘.‘~
o . e

,3i *f]

i'fl The variation in the reverse bias characteristics for the Pt Sif~"

pairs varies substantially from sample to sample. from wafer to wafer~f_fﬁf

H and from 'contact to contact on _the"same sample i ' The measured;_

- .

resistances in the majority of cases have the values shown in Table 3 2hff‘i“

N

but some can drop to as low as 7Mﬂ vs the normal SOOMﬂ The onset ofp_,ﬁ.

a

the upturn in the curves also appears to vary quite a. bit but isiié

generally around 3 to 5 volts

Results indicate that platinum silic1de w111 serve -as an adequate~'

'":contact for the p Side of the mesas f Ohmic behavior is observed on-.**k
both p and P ,type silicon while a rectifying barrier is provided on’”‘:»“

| hf} n- type silicon Since there were few difficulties with the fabrication;:

B of the platinum silicide contacts‘ they have been used for the majority"

- of the P side contacts

| ’substrates used also consist of n‘type silicon, the task of prOViding a:'

o Cal

3 4 N Side Contacts: :

¢

For the n side the contact metal must form an‘?hmic contact with’._“,‘."'j

¥

the -n- type layers and provide a rectifying contact with théiintrinsic jfghf

4

layers and the substrate Since both the background material and thevffjAr




&gfhfgood contact metal is more difficult : Haterials that have been tried;:

date

'fio for :thef'”{-Lide contacts *are:’magnesium@Jialuminum andfj

'f aluminum on top to 1nhib1t oxidation Experimental resultsfﬁ”gif

.‘Suggest thattthe arrier height is pinned due to surface states as 1n{§53,”

_rv' .
I

:fthe case of pl 51licide A barrier height of q¢B- - 0 AeV forhfff:;

:'magnesium on bot,; p- type and n type 5111con has been reportea forﬁdiff

‘ 'unannealed contacts on ‘very clean srlicon surfaces (cleaved duringﬂ*

:::fevaporation) [26] The literature available for magnesium contacts on;;fifr

B [
.. .

:":fsilicon is very limited

K

The NRC [28] has also measured the barrier height for magnesium on’j‘;**

o

,bln and p type silicon " Mea;uﬁements of the contact resistance 'Rc on n+'ﬁ‘

‘silicon indicate a barrier‘height of q¢ u 0 42eV while results for p

: ¢,Silicon give q¢ & 0 85eV o Since the sum of q¢8ﬁ'and qéB is expected\ .

j,‘to equal the bandgap E;, the barrier on p type should be much lower*“'.'

“lﬂ‘[height'introduced by the p silicon qf E --E n 0 9ev For unannealed.ﬂg

::than measured The difference may be due to th& additional barrier

v

L.

11;:511ieon the/results agree closely with Ref 26 However measurementsﬁf'

-5;;f§%j§ annealed ‘ magnesium show a_ increased barrier height .yoflf

IO

Hag“eSL“m on n tYPe material exhibits a linear behavior with low'xb”l

?resistance 1"- 1400 which compares with the expected subatrateb.

'ih

ﬁaat Re “is le‘
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:R it is required that[ q¢ S 0 IoZeV vhich is similar in magnituﬁef

'Jaff the unannealed values

' v:"‘« On “the nipi mesa before the notch was etched The magnesium‘contacts;'

» exhibit
resistance of R.m o Rs = 1. S‘K implies that q¢ must be 1ess thark‘-_.'.
0 ASeV Tunneling is expecte’H to occur on’ the mesa edge though 56" q¢

; cannot be reliably estimated in this way

e

The contact resist;nce was also measured using the sp].it contacts-“ ..

A _._.,

‘a. 1-1near behavior aos shown in Fig 3 6b The measureds,,,;,,."

&

I o

5 The results for magnesium on FZ vary substantially from sample tof'}"'.:-
.'_\...'. . ‘\& ‘-, v
: "'Although the FZ is an n type substrate resu’lts indicate a’

f_"ghi h barrier hei ht Curve fitti pf the predicted reverse bias
high eh! x;s CEEI

' current Im to the I V data requir s that q¢ e be in the ran ) of S
. ? Bn 8

o. “ to O sev . depe.nding on the sample. As has been noted h

\ .

'physical appearance of the Mg Al contacts on the FZ substrates is very_

: ,poor -. Some of the problems in fabrication may n0w be showing up in the

'barrier height is in fact varying across athe samples "i"l._'h_e_.'_len_;ch"of;'

J.

_'.electrical characteristics of the contacts and it may be t‘nat the S

2

between substrate cleaning (removaﬁ
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;3

l’--__';noc xéx_gect:ed iqééis in fac‘.‘t: a desirable &aracteristi;,-for the‘

e
: j,_:»'.mesas since i;g provides better m::é isolation from s“bstrgf;

'L : »

";’The results for magnesium contact are summarized in Table

T . - ._': .

'/;'_"heighc for aluminum on ¥

'.:;:al.uminum will form ohmi

contacts/on n- type 5111con In fact aluminum is used commerci-ally forbi.:' S

‘in cype"-Schottky diodes. For high doping concentrations of Nd ;:hough i

~'-".-":of using aluminum is to reduce



As with the magnesium 1t appears that a thin SiO 1ayer

f'jfabrication‘_

-1'ﬂduﬁ&ng evaporatxon may be present

o .1,,,, e

uky ohmic @bntaét with

'*F junction

"H“indlcate a barrier he;ght q¢3' »shown in. Fxgs 3 9a,and 3‘9hy.J g

’,'Tix' problems '} with gold ancimony the substrate has

. NRC.anfiealed . - .

};Di”j”"'

o e
" Split contacts . | Nd =10 f.7 ?y“’;fﬁ<n 49, *
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Chapter 4 .y{f';ff?
Electrical Characteristics fui" ,lf-?flfab A

A'doplng superlattice can be con51dered as" multllayer dlode w1th

K

v
Rt

I‘an uhusual geometry as shown 1n F:o 2. lb Each layer*wlll form a p no -

hffJunction vith th:“iavers above and b/low resultlng 1n a set of parallel

‘

diodes tied together at the contacts ' The I V curves forg n1p1 from

MBE 360 shoyn in Flg 4 1 ce nly exh1b1t a dlode 11ke ‘behavxor.
IWeverl ;the unusual geometry and complxcatlons reiated ‘to theth

processing-have resulted in. some unexpected electrxcal behavior fﬁAi(fffﬂ“

',

Chapter a addresses the«electrlcal characterlstics of the 511icon

. 4 S “-:5’ ”
nipl and the problems assoc1ated wrth 1t ~‘Comments on the geometry ’
follow 1n this sectlon ﬂ Sectlon 4 l dlscusses the problems found in

makxng contacts on" the s1des of the n1p1 whlch are rectzfylng w1th theo;;p

L | Y

;substrate. The reverse blas chatacterlstlcs of the nlpi's are analysed

e ‘. v

in Section 4 2 and the forward blas characterxstrcs of the mesa diode

C . . . 'J -'nv JO e

are lnvestigated in Sectlon 4 3 Comparlson of the efgctrical behavior

C.v

v w}th the currgnt transport theory glve :1n the appendlx 1nd1cates that :

' conVentlonal dlode and some of theseaﬁeat'

the substrate f%akage effects may st111 be 51gn1f1cant ’Thertunabilftjx‘-f'

. S i

of the‘ conductance between;:the- spllt contacts ‘isj_discussed';in:’

e X L B e l. SR .:.,."Y' : o T
Section 4. a "_' LT ~'; RS P S

Sy . . . o - . [P

h-% ~“Ihej geometry :of thet nipl dlode 1sf qulte differenti*tha :

es are noted here The area RN
of the p n Junction 1s large compared to.qqpventlonal dlodes "Evenv

wlth one perlod the Junctaon area would be about 0 01cm but when-v'ﬁ

el 4 . ‘ . . . . !
B ) J - ..

Y
1.

. . 6,
s . oOne, cm2 (Fox the split contact n1p1 w1th 20 perlods~¢he p-ﬁ junction

- multlplled by the numbe1 of layer 1nterfaces° the area-ls on the order-

3 N Co Thyee ‘- S

area“is 0 38cm ) The distance between the contact metals iseverys‘gf
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£ -1arge (O & to :1 Omm) Any design which makes ,use of the shadow ma _ e

technique will be required to be thJ.s w:.de because of the widths of the
"','f‘"'mtrinsic regions at the mesa edges _ : ’ //

& .It would be simplest to treatJ the p n Junction 1nterface as lf l.t

” ".'wer,e uniform over the entire width of the n: P n P re81°“~ % Any fields

L would be considered to be directly across the p n junction and would be,-

E negliglble ’n t‘hedﬁ;aél neutral regions This would require that the 3

‘central regmn of each "layer remaln as a conducting channel through/dutr

Come

"‘Ithe entire width of the layer Ho.wever as the extent of the depl tion;::.‘

L _;'region approaches the layer thlckness, thls assumptlon may no longer be

Ihe‘geometry of the nipx. mesa' contr'ibut‘e"s to the problem of"-'f

o Y.'substrate effects since the area of the mesa substrate interface is K

-'.qulte large (0 O’lcm for .the split contact mesa) o In addltion the k

i :.‘width of the depletion region in the substrate (27pm on FZ lym on CZ)

. v_]lS sigtuficant when,compared w1th the mesa thickt{’ess of l?me These

. E _ . x . ».’ N )
S tw factors ‘ contribute to the problems assoc1ated w1th substrate oo

- a

o
-V

) L4l Notes on Substrates S

KN o -

" ,‘,':.u"» 'rhe Ehoice o_lf ‘subs_tr'afte mater'i.a_l:,_ will effect th "’."..measured'_j.__.vv e

electrical' characteristics ’of, the":'mesa- diode. Some a*spects of the-."':::..'-'

. substrate effects are discussed in this : section "-_ Thi includes
- ! S o :

comr‘;‘\ents ‘on- the n: typeai::and#FZ subsgates used As well t:he problem ofv'.ll ‘

surface contamination around the mesa and i”

A,effecg on the contacts is‘.‘..-‘_i-,'. o



: case is only a fac(:or of _,000 less than t:he elect:ron population

doping concentrat:i.dn 6‘

e

very ne-arly : '1ntrinsic mater-'falé;t'

.
a;"

' (n = 10 cﬁi ) and :Lt should be not:ed t:hat t:he hole population in tms*'

The FZ wafers were expected to help in t:wo ways First._the high .H-"-.Iff.

':»resistivit:y WOuld increase the subscgd};e resistance by a; fact:or of.,"f.'

,_‘. e b

: 1000 Secoqd t:he lower ’doping concentration would help to. impxove the




| »jn side ‘

S ivhas delineat:ed the contammated regions These result in an,. interface

"b"_,of degenerately doped sxlicon betw&n thefcontact metal and the‘

20

substra,te The interface will probably not be a monolayer since some '

e

.".'-"sllicon d,eposxtion will occur beyond the edge of the.shadoup mask but

ALY

j '.':'jthe dopmg Zﬁncentration ‘can’ be expected to be very hlgh*(~ 10 cm” )

_.lv..;von the n- side," the layer may ﬁelp to. form a gchottky ohmic contact w1th

W

S t] ‘e n: typé substrate by forming an accumulation 1ayerf.ext to the"',g

dco, tact metal On the p,.srde this interface was not expected to E
i "degrade the rectifying ability of the ;ﬁ\tact 51nce the interface would'_‘;' L

esult in a p 1ayer ' Howe,ve.r the*actual results for the p side"-.‘-:-

_;conf:acts turned out to be qu1te dl:fferent . .

One method of observxng the substfrp% effects w1t'h the mesa'._'--‘

contacts is tg take I V ﬁleasurements u51ng contacts on twb different -

% '-»"'.mesas as depicted 1n Fig .a 2 The resul‘cs for PtSi contact pairs on' e
S 71 L ‘ o ” B . RN »,\'v._, R
.. tHe subbtrate and from ‘mesa- to mesa are - shown : in Fig 4 3a ancl L

'Z}?'Flg ls 3b respectively for MBE 360 #48 A The contects are a11 the sameu’f'.';-,-i :

"sue and were processed at the same tme The, spacing between the”

e

' _mesa to- me-sa paj.rs is in fa_ uch larget than the substrate pairs and

: yet the current in the mesa tosmesa contacts has increased by a factorv‘

-’e.

.."_of 1000 In addition the square root behavior expected for the M S;_"

i i’-"‘junction that c,learly vrsibleJ 1n Fig 4 3a for the substrate"
: ,., - ‘vconta;cts is not present ‘in Fig ~’+ 3b The I V profile appears ‘quite L

.‘\

linear with a resistance on the order of the substraFe resistance

% , --'(s 30K0) The rectifying behavior of the platinum silicide e3ntacts~

P La Y o e

: .-..a_t“_ i's so crucﬁl to operation of the nipi has s‘om_ohow,_ b‘ee_-n_;_




~ Fig. 4.2 "'He.s'aj-jtq-:.mévsai.",c.éh't:"a'dts_ _ﬁhd'-I_-V "'x_nj'e'ia“sx,ir_emént_f. .
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‘l’However the above discussion is based on‘the PtSi contact measurements

vllfwhich should not be affected by the MBE'growth conditions.s Thereforeﬁ'ffjﬁ

2

': the results and conclusions should be valid Further measurements with e

"'.fother ﬂsamples are required to verify the assumptions here.:fi,Noy'

‘ ;€,comparable results are available for the n side contacts at this time

’:-”4 2 Reverse Bias Charaoteristics :

';f-reSearch with nipi’s depends so strongly on this factor a great dealﬁay B

T

In order to observe many of the predicted properties of nipi's it“ .

/'

4 -

of emphasis 1n this thesis has been' on reducing the reverse blas~_, >

bvleakage.. in particular mask de51gn doping profiles v substrates,

~"ls important that reverse bias currents be kept small . Sincé futuref g;ﬂ'

""rectifying contacts surface etchlng and plasma etching Tln'bthis‘;_7~

‘rniplfdlodes are discussed

A

'gsection the results of the reverse bias characteristics ‘of the nipi'

. Jeo
.

L 4

<

current transport V1a the intrin51c regions found on both sides of thedt

'mesa, and (c) current transport through the substrate.v (For clarity,

‘ transport for example, the p o junﬁiion current may be due to minoritymy"'

-..are: presented As.well the various current transport mechanisms for,'

» Three main routes for the reverse bias current depicted inﬁ’

Fig 4 5 are' (a) current transport across the .p-n Junctions,,.(b) lyf

’ ”

ﬁaonly two of the many superlattice layers are shown 1n the figure ) For,{.l:

each of these paths, vthere w111 be several mechanisms for currenttf. :

'f'carrier"diffusion,v carrier generation or". tunnelling ‘A In order ‘to ;f

. simplify the diSCussion that follows these various current sources aref'f-‘:

"’summarized in Tables 4 2 a 3 and a 4 : (The column "Path“ corresponds‘j;d“

i‘f.to Fig 14 5 ) In order to provxde a. method of comparisom for the"'-'v o

RS T



£ P~CONTACT

A) LEAKAGE ACROSS P-N JUNCTIONS N e
PATH1 JUNCTION AREA ‘038.cM
AR E SRRk b P

B) LEAKAGE THROUGH INTRINSIC REGJONS R TR
" PATH 2': JUNCTION AREA = 8X10™° CMZ ¥

" PATH 3 JUNCTION AREA = 0,048 CM
. '»EPATH 4 JUNCTION AREA = 8X10° CMZ

.-,';.‘a_.

A UNTONTACT £ Sl

.....

fﬁregi,on associated with each path;.




-'7Tab1e 4 2 Minotity Carrier Diffusion_,current .tg;;’,_g P

"‘i\:M c

*f"See Eqn A 3, A. a

Ro‘;" kT / quo

o

"Z“?pr - 9 pm In - 25 pm Dn —'5 2 cm /sgc
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’ Table 4 3 Generacf&n:c”rrenc.

o "-‘.p n _]unction

- 4#ﬁ¢=i9947'"'

'-03&

" substrate 5 0 012 ~ 28um |

'Pt:Si - s\.bstrate 6 <00005 4 :

e p (hor ) 3 - 0048 , Aol

| féﬁ(iire?;ﬁ-i)v 2] 80t | im

./,

See Eqn. A 1 A 2,.A 3 Ro -"4:

"?ﬁ A.j c‘- 3. 2x10 >"=;‘];j[f;“=

T

:fPtSi - subscrate’“;




- various current mechanisms they are discussed in terms» of Reo’-as give

in Eqns. A 10 A 11 and A 12 1n R ix '; '

~.
DL

Sec_tlon 4’.1;_3.. | In these samples. . the reverse bias cur’-rent is ‘via
| 'ohm.i'c*"’-contact' with : -the. substrate E and"' hence they provide ‘11tt1e

RTINS R

-.-,

| bias current ’I‘wo I V curves for MBE 360 #1—8 are shown in Fi' lcl

STk .
B - \.

1n more detail 1n Fig i\ 6 For this sample Ro - 1>2 m uhile at

hl,gher voltages the re51stance drops to about 500 KO

. S S U EIRLR

be hlgh because of the large surface area Three current mechanisms

o are con51dered The reverse bxas saturation current across the p n
junction due to the minor‘ity carner diffusion (Eqn A 3), given in

» 'I‘able 42 Pach 1} is. tpo y small and does not 1ncre€mse with v.&

-,

Therefore thé‘re. ust be other ."'rces for the lea‘iﬁge current In the . AR

forward bias case the recombmatisn cui‘rent was found to bo the“":,

‘;‘. >

dominant factor undero low bias N oonditions The'.*reverse bias

equivalent the generation current can also btquite Iarge (Eqn.,A 7’)
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A APPLIED VOLTAGE v (v_) B RN

‘a‘. v ’g 46 T vshy fdf HBE 360 * l{. showing lov currem: behavior
e W '(De&:ail of Fig. 4 1) g RS




i blbcking effects must be vdaef co reverse"biased junctions. éi,FheF

metvalﬂ-semconduct:or or. p n.
routes shown m F1g 4 Sb

Junccions on the n- side of the mesa Path 3 is

-:A"ri,nt:erfaces These regions should be f&}y‘depleted beéause:"'of' h,igh

L doping in: the p 1ayers _'I'he current ca lations for t:h se two T utes

are glven in Tables

-~

' l 4 v
._-and 4 3 Pach_,a 1s direct:ly‘
, R
i

e _,,-.cﬁonr.;eot . ;1‘he> two current: mechanisms are Schoctky diode d on .and’




leakage

currenc 1s

>
o

reverse blqs current bodu due co carrier generacion

substrate Junctio” (Path.S) In bpth cases, the magnitu ezof Ro agrees;

.‘-’ . ‘--" ,,,,,

BTy

with the observe_-results TheSe calculacions suggest that with thisfjf“

particular isample : che "best case“' of Iowest p0551b1e reverse biasifg7y

o leakage has been actained r It is not possible to ascercain;which of7tr
" : K SaTo :

future

ﬁ measurements f n1p1

propert;es

photoconductivxﬁy/hay be SLgnificant

4 3 Forward Bias Characteristicap
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1

Log(I.) Vs v. for nsz 360 #u;
: g'Dashed line reptesenCS ideg} diode model
i for two- meatutements BCross diffetent contactipairs of the'
scme'spllt contacc nipi mesa.A. : S







,'-»i
T

- \Sary depending on.: the sample' position'on: t:he
: ]

" .(‘

_For the majority of cases the values of Ro are too vlow be&aus

,_.g. “u

‘ . values of‘ Izo decex,‘m ned from'these low Ro are probably not correc‘t._yi I

Under very low forward bias conditions, only the n:ecom‘b;nation

-

esal mterface or.t:he pn Junctxons of the nipi),' chis

\"?hsul‘ted in t:he better fit:. For this particular

AR R ALY

dominant: currenc 1s due tp»;'_ca’rri%- T

vok this 1nvestigat:ion ac": prese
R ,
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] ::MBE:360'#lE IUG curve»fo;VIarge forward bias.jl) :
'“ffPoin:s -are: da;a collectqd ‘fxom; split contact’ nipi f
. Cu ‘represent ideal. diode wodel ‘with Tes =
=E?Cutve #1.is for Ra_= '600;'0 (A"“easured data)

A Curve #Zfis fot Rd:- 1180 0 (+ Q.measured'data)







. ". cunable absorption requu‘ the abllity to vary electric field and hence S

split. contacts\gnd the current flow across them 1s measured as shovn ,in

-2

N

g_-(,gflagié_'f*s'mpies'_' Was 1imitdkd and ‘more testing is nee'd,ed' &0 verify s E

b

.. these observations. = - .- 3

4 4 Transconductance ’ T R

' Many of the tunable properties of the nlpi in_'particula.rf the g

s

the p’tential across the p ‘n Junctlon The range of the variatlon can\,

be calculated indlrectly 1n the n1p1 by measurmg the

W\Wp layers B In thls sect_io_n. _the.-.-.-t_ra'n conductance— -

measurements are presented . RO

s - P
iy ~

Fig & ll From the I V curve the conductance between th; split

’_'onductance _of-‘

e

contacts in either the p or n layers can be calculated /K:ause of the o

etched notch the current will travel through the central - n p n’

o : /)
o region o£_~the mesa

.f\'

L

AT .': iy

K

\‘l‘he n1p1 can be considered as’ a multilayered junction FET whereb(

:)"‘ K

shown in Fig 4 12a If the p- 51de spllt contacts are used t:hen &n

p type layers act as . the channel and the n- type layers operate as the::"

" e e (‘-'

"two gates (t1ed together) For t"he measurement performed here “the

being operated below saturation (See Fig, & 12b ) The w1dth of the'_ "

'the two- split contacts represent the source and draln electrodes as R

g voltage across the split contact is kept small so the device is always_‘,‘-}‘*

depletion region Ls not expected to vary along the length of the__"_

-channel due to" the small voltages a i.ed,r The t:erm transconductancen.”-‘

a

4 T _I:‘l',

[

is then similar to the FET para&er mutua‘l:‘t_ransconductance ga.;f In. -



‘.1\.-" .

Fig 4 11 Ci.rcuit: set:up for trnnsconductance melsuremencs. e e
. The: path lengch for Ipy will ‘be about: A{jo\f 2/3 .+ 1 + 2/3 + 5
3/4 =3 8 o's vi.th t:he pach lepgg{a 'ﬂmd Ly comet cakcn ns .

2/3 of ‘a square [22] S R :

L




S

 , "Fi_g

-*similarity with a FET.

j” ??:jf{_ "if?ﬁl;i:  i;:‘€iE1 s'_-"s s”\-~:'; fi -is ;{?_i;;{;¥s1 (ist£ :f

4. 12& Cross sectional view of cransconductance T e

measuremenc gcross split gontacts. Figure is drawn to’ show'ﬁ_'¢)§?*ﬁ
ashed lines’ represent. 11m1ts of- the IR
The "channel" length s, about 1 mm ' RTINS

e

‘depletion region.

e > . S e

-
‘A

.Ta'ﬂﬁﬁ

Fig 4, 12b Typi:cal I vs V- chara'ccerrstics for a FET.~ .o i
The ‘bold Line; correspond to’ the’ region vhere che s
czansconductance measutements are made. .~ b oo

. ™. . e . - o g ) L. A




 F;f£he depletion region

“"flffconductance will'vary with the amount of eXCe nal bias'ﬁ

'*fffof reverse bias in the nipL diode,‘the depletion

'ffery narrov Iayers
..

this comparison will no longer be“true;.

As the bias across th

1 At some val e?.

x4

fe’s’?siadr‘r-fr;rfls oens

:"T,.ﬂeacross the entire 1ayer (full depletiona and the conductance shouldT gi'”

'fdrbp tp zero When a forward b1as is applied the depletion :egionfa~A f

xf:wxll reduce in WIdth and é\haxtmum value for the conductance:should be*if

'ggﬂreached

« ";.'S,Pllt contacts L o 3 8 D' (See Fig 4 11 ) The resi.stance’f’bet:weq"

;;However che~max£mum observab i value will:
. a,

“;favailable for transconductance m”



'MZtlt‘aﬁéfcnar;vcér[ilyd“ﬁ(l($li‘.Vs)./ff¢i-;rvo:?n'}l" »

conductance G'wil3}BéfprOéoiﬁiéa#ift67tﬁéfﬁidth'éfﬂthé_:

where d is the layer width and Xg is the w1dth of-the depletlon region
1n t:he P- ty_pe layer o _ SR 5 ,

’;2; (¢1 - Vb) Nd S
(Na + Nd) NA ' "’

substituting Xp - d/2 glving

V - -q N (N '+ Nd) (d/ )z\v SR , Pa
rx’;;*f;fZ* : RN ﬂ?t:;x,ji?i‘.'

..‘::_" . '*:,»5"gff';“\:f§;€£;

(4 7)

e The maximum value of Gpp will occur when Vb - ¢i e For the case of |

; varying p(x) across the layer the value of Gpp will be less than in L

._’.. N
,0'"

the uniform doping case,

With a fixed value of the diode voltage, the current is measured

.fiiibover a small range of the spllt contact voltage V..‘ The voltage is

v S
kept small én order to avoid disturbing the bias across the nipi diode

The set of ‘i 3’ curves for MBE 360 #4B are shown 1n Fig 4 13a

o

. : ; 3’
to V. and the diod'

,’\

v

from the diode cur‘ent will be large under forward bias and as has

v ; S

been diSCussed 'the everse bias current for the nipi diode will also

e

L

be quite substantial

f two cbmpqnents the split cbntact current Ipp due ;5“‘”

current Id due to” Vb (Fig. k 11) The contriBution"w




02"7-0 o1 'd‘db" i

: Keasureme :
* The ::di.odefl




:::fyfa background level ;

. in Fig~‘4'14a The background conductance appears to be Lndependent ofﬁ

ulj'related This is also substantiated by the background/measurements for i}

"*f‘gaa aoa and aos which have both higher doping and wider ‘ wells, L The -

However,’

-

as ‘a larger
reverse bias is applied ,the'slopes do not reduce to zero

This can also be seen inda_plot of Gpp vs Vb shown'; gQ:f

L.

the applied bias The magnitude of the background level is very largefffﬂ5;

1n comparison to the range of Gpp g Slmxlar results are shown in
g

Fig,A4 I&b for magnesium contacts on the n- 51de of MBE 360 #43 :fff«ffrn;{j

<

‘f;;dh' The backgroupd leveLrapp\?ts to depend on the'doping with the,i’

E}gher doped layers having a: larger background Measurements of the"f;,{}

’ . Y

background levels for some aamples are given in Table h 6 Ybr the MBE'755
X : :
360 samples, the doping concentr?tion and - background appear “to be5

B

:;ubackground conductance is not expected to vbe due to the substrateﬂ”ﬁﬁ]ﬁ;

¥

.ﬁ-;because of the much higher res1stance This is partially confirmed by;l,“"

.

"*.hthe results fbr MBE 404 and 405- whlch were 8rown on different;fflfwu

i f'substrates (CZ and FZ substrates respectlvely) and/,ft have a similar‘f3 5
4 \ : ‘.4' 2

'fﬁi;background level As well MBE 404 and 405 haVe been prOcessed with the?f'” '

‘“fih*surface etch and show a higher background thén those such as MBE 3601:&_:;

] _‘*1

':iE#AB which were not etched ‘”ﬁﬁfiﬁg*g?gﬁgfff“srf&ff?'”55

?‘;as uell as Vb

?Aapproximated from the diode conductance

&

Y

Although Vg is kept’small thé diode current is a fnnction of Vaf;ﬂ

cu - (al/aV). . Und r 'reyer&
B gL
bias conditions G& is much smaller than Gpp,but as the diede turns'o

._.-.
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o the p layers t:he di.ode current: tends t:o mcrease che value of 'pp and E e

a sharp change in slope is observed

’ ~

. -

o Fig a 14b
' ;;.. under forwardrbias

PRV
.

-

For the n layers,

T

Tablé 4.6 Transconductance Background' Levels:

Gd increases rapidly and becomes much larger t:han Gpp.

 MBE Sample:

—
BRI

-

Gan. ]

NG

| .' 0w |
360 #43 TAG
360 #3A R
350 #LE

BT

45&05'#~ ’

A imse
1 os

012

'"Q;iéx

Janien |

low.

Tow - |-

e

' he case of'_V_':

\"",,v

t:he diode: B

current tends t:o reduce Gnn and t?fle curVe turns over as shown in S

o ..

This provides a cutoff ponxt: for the conductance curves e =




:ﬂdopiég superlattlce f Simllar calculacionswhave been done previously

*;for a direct bandgap material [12] but this is the

- 'thunéble- aEfgrptlon has been calculated for

REEE S
' _.superlattlce Sectlon 5 1 descr&bes

presented fi Seccion 5 2 along o

"ji,encéuntered

5 1 Hodelling of Nipi Absorption‘

energy band diagrfu”“”

‘?"rife'
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. "'...degletion approximani. n




"“<g-*external bxas The layers are assumed to be contacted selectively and

f.-ﬂh space charge poteﬁtlal and the ext”rnal b1as V <t are related by

» A 5\'-.

. hence the field wi,ll be directly a oss the layers ' Assuming thﬂc Che

uwttxal wells [8] the maximum ;:?Q‘fi

u:iﬁiksgz)tihdw‘”

wir {- the designﬁ”m?ﬁjﬁ

L where

k'p&ramet:ers a strong internal field""!nay exist when V‘7-0 Ov and'-'.”.:"

o

which may-be increased or decreased with the appropriate external bias'ﬂ,,iﬁ

Optical aB%orption at energies less than the fundamental edge in a;.

.:'ﬁysemiconductor »nder the influence of_an electric fieid is possible dueﬁ*

"':ri;eto the Franz Keldysh efoCC“I31]

.r;“?calculation of optical absorption rﬁ GaAs doping superlattices [12]‘

The theory of direct transitionslin“f

hrche presence of uniform electriclfields [32] has been used for theﬂngSQh




ipdirect (in : k‘%space) " "band structure

'-'cont:rlbutlon : from bount eXcito 1

: _"\zimportant and ‘is ignored here [34]_.’., o




T LR

'{ g ;._4» v
RER-

L

‘o e

two directions whicig{nvolve the 1ongitudinal reduced effective massl~"

and the four directio s which involve the transuerse reduced effective}‘

\,:

s‘”'f mass" The (isotropic) redqud effective masses for the holes includeli'f

: lﬁzlrespectively [36 381 have. been 1ncluded l' The. PfObabllltY Qf-léif

N W

L

v (TA TOL LAt LO) with e?@rgieS'of 18 2 ‘57.7._L1iﬁf _and 51 3 meVﬁ e

la

"i contributidns from the 1ight and heavy holes The split off hole hasv

4 .
net been 1nc1udq' 1n the calculations as 1ts contribution has not been;*'
NT

observable in experimental resu1t5L136 37] ' All four phonon branchesv‘,fi-”

partiqg&ﬁr phqnon branch part101pat1ng 1n the tran51tion process 1s>’"

propqrtional to the phonon den51ty as given by Bose Einstein s‘htistlcS‘luu

~

< -

: to population factors, the phonon branches participate with different'}‘flf:v

'~abilities- MacFarlane et al [37k foun&'that (after gzcountlngfﬁ
‘onon population facters) the coupling of the electrons tb the'

58 meV phonon branch 1& about 5 5 times stronger than to the 18 mevg
. _Ap . : ) e .\ N
phonon branch 3' By including this factér in the calculations,'fwe..

’ r

/roduce results that are close to. the differential electro absorption L

measurements of Frova et al [36] (Calculations for this comparfsonh

)

were performed w1th the field in the (lll) direction) . The differences'

may _he ‘hue to excatonicb effects, thermal broadening and limited

a4

information QP the coupling ratlo of the,qhonon branches- :\g:>f: |

f For a doping supe;lattice 'the internal fields ‘are’ not co stant

v,

due to the quadratic behammor of the potential ' When the scale length

2

'fff of xhe variatioq of the internal electric potential is larger than the

: effective range of the wavefunctions 1 xhe electric field may be ;“'

, .

B
o3

The absorption coefficient for the superlatttce is found by averaging

.'q .

[

[39] As well ,experimental»results [36 37] indicate that in addition: .".':

fconsidered to- be constant 1n the regions in: g.}ch transitions occur‘__ 3‘QMJ



".--_,‘j-';the absorption coet‘ficient for the constant field Ease ‘(v F _

.‘)- ‘r

» 'perlod Wlth the slow variation of the electric field from tha llnaar

"'-";approximation the difference between the wave envelépe functions and

;.-:_"the Alry funct:.ons 1s éxpected to ' negligible A larger source of.‘,;i.' e

. max1mum absorptlon is achi.evable u"’th modest external biases and that"-‘:""_:.'-?] :

i ."vf-_':,»mentioned 'S0 far is impurity absorption, the optical excitation of-:"'

‘ 'b'-.'r.-.”_'electrons into the empty states of the donor atoms._ The 1mpurity?';u

,v'.-error is” due to the uncerta:.nty m the assumed starting point of the o

";1nte.gration .- Vo'; in Eqn 5 3 whlch depends .on the fieid strength F
S For t-heA range of photon . energles éonsidered here, v the resulting;
‘\»;}uncertalntyﬂln -tjle ‘absorptlon coefflcient is less _than 10% and is*A
_hrghest at the low photon energy end 4.

W

The average absorptlon coeff'cr 't at room temperature and at 77 K"'

..ar-e :glven. in Flgs 5 2 and §\~3 .,_- eVeral values of the external bias,:‘ o
’,.‘were used 1n each case | the maximum value R being limited by the».;.
R :condxtron that the‘ lectric fibld i,s no morea than ﬁne-'._'alf the‘

'v",{"breakdown fleld at: an point n the superlattice The effect ofv.'-*'-~
y :

lowermg the t:emperature is to. Shift the abSO’-'Ption curves to hisher'i_‘_'v‘;;ff

o photon energy, or shorter wavelengths.» away from the technologically"

: 'lnterestmg region of 1 3pm or 0. 95eV _Z:T-_le 'results indicate that.f .

"l'f..:"the absorptlon., although small is tunable oi?er orders of magnitude SN
e R ": LB
Orr the surface. _ 1t appears that the superlattice is on the Jerge;--

"‘,of bemg useful for devxce fabrication However. a process hot"f;'

_, ", o ?\ _—

L _"f-absorptxon coefficient for small hv is v'ety nearly proportional to the :

"f.-j.mpurity concentration and i

: ""-’absorption spectrum in‘ the '- range
o temperature , an f

.‘.



§.‘ l 2.' -

B ST

I WE LT

A

RTINS NG S011 A N I R R U 1 RS

ExternalBias (V) .Y

4 Figl* 5.2

mmmzemu fields 20 40, so 8@ and -
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Optical absorption coefficlenc vs pho:on energy at T-300 K

N- = Na = 2. 5x10 cm “dn = dp = 520 A. R ' RN E
" The external. bias voItages of 0 S, 0, -0, 5 ~-1 0 and 1 6 v

100 V/pm respectively
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CFig. 5.3 Optical absorpt:ion coefficiem: vs phot:on glergy at. T-77 S
S ‘Same ' parameters as. in Fig‘ §.2;- : : o

" The - exteml bias" vo].tagcs of 0. S
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G L 100 V/pm tespecti.vaiy, R
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[P

. -v,'

'-";;he. the work of Spftzer and Fan [40] suggests an impurity absorptioqtu

Iu

‘:T of at least 2cm 1' an amount which swamps the largest Franz Keldysh Lo

absorption calculated in this paper (Fig 5. 2) for wavelengthsﬂ,.ig’fe“e‘".."_'"'

than 1. 2pm , A device based on. the tunability of the absorptiOn shouldf; gpﬁ

4

.have a coefficient much greater than the impurity coefficient This is:W'f

'u-ﬂ desirable 1n any event so that the devices remain Small and have ‘a; fastﬁpf»

| response, In conclusion it appears that silicon doping superlattices{,f?

'

with moderate to - 1arge 1ayer thicknessés can exhibits a small but‘fi”

d;? measurable. tunable absorption coefficient

'U) 5. 2 Photoconductivify Heasunements ¥ o fﬁ;fﬂixl L

- to be' C ,“1,"f"

'H,:where An is the number of electron hole pairs per unit volume createdpj L

:” discussed

AT - A q o An 8

| \\._

M S

Preliminary measurements f éhe nipi absorption have been madebﬁ;':.

indirectly through photoconductivity measurements ‘ The experimentaljlg

method and the initial results are presented in’ this section however,f'ltfff’7

the predicted shift in the absorption has _not been dbserved with these:_"‘
~ measur;ments 'rhe.---.v major - complications associated ' with the v

photoconductivity-’measurements‘ %ij possible solutions ‘aféf‘alsdy;, o

“oooN .
. S

The absorption spectrum may be found indirectly by measuring thelﬁ)

9\ LN

hotOconductiVe current in the n or p type layers through the split:1~'
contacts The.relationship between the absorption coefficient and theﬂv
~rphotoconductive current may be derived in the following manner ‘-Fromifﬁli
. :jthtleouation for “the drift current bthe photoexcited current is foundiuf

2

»°,’ : T - v

)

by illumination and g is. the interndl field %ut

.

um.c,gwff*;pgfﬂﬁ:-_‘ el g

(5 5) Y




' - Po/hu q (1-' e' d)

. .,;,_‘and in the\case of small agorption.;-,.

.f-_.v"'f.-AI ca q u Po/hv n ad e I .

-fabsgrpcion . At higher pho’ton: enerﬁies

1nt.erna1 field and can ‘be apptoxinated by

“’-fabsorption coefficlent 1s expected to follow.

T

a(v 8) G- u(u ) AI

o
R ,_k:/
L

/

e

o where hu >> Eg

.‘..



MONOCHROMATOR - - CHOPPER LENSES DEWAR :

. Fig. 5.4

' NTEGRATOR -}

Heasuremenc secup for photoconduc::lvity L LN
.a) Detail of electrical circulc for splic ¢om:u:t: nipi.
R vasi typically 1Ka,  Ri vas varied: from-0-to LOMA.. "
' ..b) Equi.pm-nc arrangement wich nip!. moum:.ed in the dewar.‘-_;.:




"v"all varl.acions t:ried i'for diode._ svoltage.;' split: _'contact :volt:age
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Typical hocaconductivity measurement of a nipi ac 77 K
. From: MBE 350 #1E, split contact mesa. e
The - measured photocurrent has- been normalized to correipondw-ﬁ»fl“

" .to the optical, absorption'coefficienc at hy = 1, 25ev
. 'The: dashed- line indicates the noise 1evel of the

7;';measurement
o ibiaifand with a voltage across'the split contacts;ﬁ;]_;ln
© of : oy BRI I

The ‘measurement was taken vith no- excernal

- O, 1v. R




: t:he n1p1 uThe. graded junctions cha_ ‘




Conclusions -

'ithis projectl much of the necessary i

v groundwork for the 'fabrication_of silicon doping superlattices has been

= c(pleted and several major accomplishments have been atta.l.ned The

\

achievements are the result of a. great dealf"of collaboration and

>cooperatxon I am pleased to have partic:.pat:ed in this efforc

'Fhe flrst part of thls pro}ect mvolved theoretical calculations S

of the tunable absorptlon coefficient due to the Franz l(eldysh effect

in a silicon doping superlattice . These calculations included phonon

-

b-"*'inter\otion related to the mdirect band structure of silicon and a
.0 Do :

modulated potential The theory predicted that a small but measurable

T

increase in the absorption should be observablet:‘5-‘4;_;""'

."f"_’ Next work was in1t1ated on the fabrication of nipi s with the f'_ “ .

' intentxon of measur""t the absorption shift 'Ilhe first step involved

" the design and fabr : on of a. shadow mask Etchmg procedures were

o

developed and several silicon shadow masks have since been produced

R ’
S These masks were used/to produce superlattice mesas ---\lth bullt m

contact selecciV1ty durmg MBE growth The de51gn of the shadow ma‘;

has gone -ehrough two phases of development A pattern mask set

- f; also

s -select-iﬁ_."":v: 1 the n1p1 s
.Egectrical measurements show that a nipi has been produced wi.th,

seleetiv?e contacts However, larger than expected leakageu currents
e '

/ Were Fehserved and for this reason. a large portion of this'work has

been devoted to the analys}s of the electrical characteristics of both '

-_- - ;

.'_the contac?ts and the " nipi's.‘ ‘ Electtical results:







. lnipi s with thi

shadow mask method have been made for the first time on a silicon nipi

o

: As well some characterizatlon of the e1ectr1ca1 behav10r of the nlpi s

z'dihas been carried out:, o .;,,7ﬁ\\

»

This project started w1th a falrly hlgh goal and a great deal of ,?l-.

the fundamental work requlred for SLchon nxpx research has been done
' 'ﬁ\x. . .

Howtver there are stlll many unresolved questlons and problems left ‘to ..

C

investlgate In partxc:§$r effects as!bc1ated w1th the substrate need:'

@

‘;ito be addressed More siudy is also 5needed of tﬁe quallLy of the L

superlattice Ia]ers : These basic 1ssues need to be resolved before'

m.

‘! .

er layers can be studled Research on silicon doping?,.'

;superlattices is continulng at both the UnnverSLty of Alberta and the’.

‘l NRC Microstru_tural Sc1ences Laboratory : ‘“f‘fﬁ

1]

. 1',"2‘3:5""
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Appendix A

-~

-H'fij" ,.f' Current Transport Hodels L

The mcchanisms of current transport 1n metal semicoqductor (H S)fif;*

‘ and semiconductor semiconductor junctions are reviewed here ,%}Ihel_i'

"‘.f following theories have been used 1n the analysis of the various-_‘

R '1.,;. (e

'.fljunctions encountered in this prOJect Only the results of each modelirh

'fare outlined

Schottky.Barrier Diffusion Theory ﬁf-; :il;'l'li.' l_e ;'Qb _,'

ﬁThe current flow in a M s Junction will depend on the ability ofllf*

. carriers to cross the built in potential barrier resulting from the M S :

obtainod by integrating the equations for carrier diffusion and drift_.».*—'~

'_pacross the depletion region [22] For a: metal on n type silicon the.,g;*

-

i.“diode equation will be ";..sa:"l'T‘jlfil::"4‘-'“ o

‘where

' 'fTwo features are important ‘to note.v The reverse bias current is not'*ﬂyf

. rconstant but varies with the square root of the applied voltage Thep”ﬁfﬁ

magnitude of the current is .a very sensitive function of the,barrierff




model The minority carrier distribution wili follou an exponentialf,gi?

decay with the diffusion length Lp determined by / Dprg (In ¢ Dnrn v




c carriers‘,

.".'..

'the depletion region (n p > n ) which:will result in a netﬁ}:'ﬂ
recombination current andﬁche equation may be reduced to :
— e T (ALB)

v
A

' :1§here x is ‘some” portion of the space charge <region but can beif‘l

:; approximated with xd [23] The 1mportant thlng to note is the kT/zqig_u

L Whére L . ., IR o e v L

': For V._>> ¢i the generation current followg the same square root'”

B Section 4 3) _5 'lﬁ"gjf“l;:”“,l;;i }s,jﬁaQ'

swepc out by the field causing n- p to be less than n

. . ¢

dependence rather than kT/q as- expected 1n the ldeal diode analysis

Under reverse bias the carrlers in the depletlon region wlll be‘f*:'

; 2
i

S thgre will be a net generation of carrlers and the equaxion becomes

Ie =Aqng % / 2’ T e T e (“7) L

2: .
q (N€+Na)

:@1..xd(Vo7‘xd(0)- Vo ¢, (As) e

e

el
dependence on voltage seen xn the M- S Junctlon. :

R

The value of the effectlve 11fetime T is not known with any‘

precision f This lifetime is not the .sarie as: ‘thé |n1nority' carrier

\ -

lifetime but it is expected to follow the same behavlor [5] :hé flhf

%0

| o following values which are used in.this vork have been estimated from a{ﬂ.nf

T Y

survey by Slotboom [&1] o :t‘";;'l R ld"*ff 'Tflqu{;]“i::;ﬂﬁéﬁh G

For NdSlO ‘.r=2usec

These‘ are -approximations only but they have ‘been ‘are partially

In thls casej;.




‘quéollow1ng relationshxps are found
f‘ﬁ'For the Schottky diode model
e },Ro --k‘{‘ / quo(O)

o '.;-".For the ideal diod, .model

f_a:he.measu:ements the current voltage ch acteristics can be defined in"

"ftéfmslaof' éo res1stance UffoTh co) hct 'resiscance; for' a’ metalJ»”

'w'semiconductor junction can be deflned as .

.‘,

,5;ﬁWe extend this definicion to apply,to the p n Junct}on ‘8S well the M sl}j'“

'“ffijunction and defxne che }UncCLon resistance R% - Rq This tesistanceif":

O

ﬂcan be easily calculaced from the slope of the measured I V curves,tuﬂﬂ

.i‘Frqm the derivaoives of Eqns A 1 A 3 and A 5 taken ac V - Ov thﬁ{;Llo

.. kT / qIno




