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~~~~ABSTRACT 
~~L J

Heterojunctions between n—type GaAs

ie11cnf~Yand high purity n-type Ga 7A~~ 3As (-~~~e 4
~

• 
~~~ have been grown by LPE at 700°C, and significant current

rec ti f ica tion has been observe d acr oss them at room temper-

ature . At low temperatures , the curren t drops an d ~he degree

of rec ti f ica tion increases considerably . The revers e curr ent

characteristic shows reasonable semi-quantitative agreement

with theoretical I-V curves , calculated by using a thermionic

emission model. The N—W profile measured across the inter—

face indicates qualitatively the presence of a dipolar space—

charge region , as ex pected.
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INTRODUCTION

• The nGaAs—n(Ga ,A2~)As heter ojunc tion has been in

recent years a subject of some controversy . The theory

of An ders on 1 and of Oldham and Mim es2 predicts that

th is hetero junc tion , wh ich is lar gely free of in ter-

face sta tes3, should posses s an ener gy barr ier in the

con duct ion band edge , and thus exhibit current recti-

f icat ion. Exper iments , however , have so far fa iled t o

show the expected rec tif yin g behav ior4’5, even thou gh

it is fairly certain from the quantum well experiments

of Dingle et al . 6 and of Chang et al. 7 that  the energy

• . barr iers  ex is t .  This has led to specula t ions  on var ious

fundamen tal mec han isms tha t might be con troll ing the

current transport behavior across this heterojunction .4’8

We have recen t ly grown nGaAs — nGa 1_~ A2~ As hetero—

junc tions by LPE and obtained significant rectification .9

Figure 1 shows a schematic of the conduction band

edge profile across the n—n heterojunctionJ’2 For

Ga 1 x A9 x~~ at x = .3, the ener gy step at an ideall y abru pt

interface is estimated to be abou t . 33  eV at room temper-

ature .6 At equilibrium , electrons deplete from the

Ga 1 xA~x~~ to form a narrow accumulation region in the

GaAs . A grad in g of the metallur gical interface lowers

the barrier by an amount that increases with both the

net doping in the Gai_~
A9.
~
As and the interface transition
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EXPERIMENT AND RESULTS

Figure 2 shows a schema tic of one of the two

heterostructures we have examined. The three epilayers

shown were grown by LPE on an n~ GaAs substrate , using

a multiple well graphite horizontal sliding boat . The

start ing grow th tem pera ture was 700°C, and t he grow th

ra te was measure d at about 1000 ~fm inute. The approx-

imate layer th icknesses shown were measure d by cleav ing
• an d staining . The carr ier concentra tions shown were

no t measure d dire ct ly on these heteros truc ture s, but

correspond to the values which we obtain repeatably on

• thicker single layers of unintentionally doped GaAs and

Ga 7M 3As , grown under similar conditions.

The contact between the substrate and the (Ga,A 2 )As

layer was expected and found to be ohmic . The l017cm~
3

t in doped GaAs cap layer served as a con tac t layer on

the other side of the hetero junct ion between the two high

purity layers .

Gold— germanium dots , 10 mils in diameter , were

evaporated and alloyed on both sides of the structure .

They were tested to conf irm the ir ohm ic nature , follow—

ing which mesas were etched to isolate the heterojunction

interface areas below ohmic dots. Before etching, the

contact resistance of the ohmic dots (type A) was meas—

4
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ured to be about 12 ohms each . The I-V characteristics

t were then measure d across t he mesa heterostruc ture by

apply ing a bias volta ge to the mesa con tac t with res pect

to th e grounde d substra te.

Figure 3(a) and (b) show the typical room temper-

• ature rectification behavior observed , on different

scales . The dir ection of rectif icat ion is cons istent with

the ory . The forward curren t is limited ma inl y by the

contact an d lea d res istances , demonstra ting the substra te -

Ga 1_~A~~As interface to be a low res istance con tact . The

reverse curren t increases wi th the app l i ed bias , showing

a lack of saturat ion. Th is is becau se increas ing the

appl ied reverse vol tage increases the in ter facia l electr ic

f i e ld , which , for a finite transition width 9~, lowers

the ener gy barr ier.

We be lieve tha t the current across the hetero junct ion

is lar gely due to therm ion ic emission over an ener gy

barr ier . We have not , as yet , made careful low temperature

I-V measurements . However , we did make some quick obser-

vations by cooling the sample to liquid nitrogen and allow—

• ing it to warm slowly . Figure 4 shows the I—V character-

istics at some unmeasured low tempera ture , probably between

100 and 200°K. It is observed that the current is lower

by three orders of magn itude , and the rect if ica tion is

significantly more pronounced , than at room temperature .

These characteristics were observed to be quite

t
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insensitive to light .

COMPARISON WITH THEORY

To compare our results with theory , we modell ed the
• heterojunction as two homogeneous bulk regions with a

linearly graded transition region of width i sandwiched

between them (Fig. 1). For mathematical simplicity, the

inte grated space char ge in the trans ition re gion was

assumed to be zero . We then solved Po isson ’s equat ion

under conditions of applied bias to obtain the energy

barriers to electron flow in either direction , and hence

estimated the current voltage characteristics .~~°’
1’ Fig.

5 shows the theoretically generated reverse I—V curves

at room temperature , calculated for ma ter ial paramet ers

that correspond to the experimental values , using t , as

a var iab le parame ter . The dashe d line is the exper imen tal

curve , and shows reasonable agreemen t wit h the 9. = 200 ~

theoret ical line , except at low bias .

We have not as yet measured the interface width .

Garner et al~ have reported values of about 100 for het—

erojunctions grown by LPE at 7500C . 4 A more definite

knowledge of the interface width in our samples shall allow

us to make a more mean ingful comparison be tween experimen t

and theory and offer insights into the current transport

• mechan isms .

4 ~
,

• ~~~~~~~ 
• .

-~ • ••~
•• 4 .‘

. 

• I,

~~~~~~~~~~~~~~~~~~~~~~I — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - r - -- — - — — — ___



5)

• FURTHER EXPERIMENTS ~ND RESULT S

• A second heterostructure , shown in Fig. 6, with the

Ga 7AZ 3As la yer interface d with a l017cm 3 tin doped

GaAs layer was fabricated and tested in a manner similar

to the struc ture shown in Fig. 2, except tha t the mesa

cross section was 5 mu square . Again , rectification

was observed in the I-V characteristics , wh ich are shown

in Fig. 7.

The reverse current in Fig. 7 shows a saturation

‘knee ’ . If the barrier height was independent of the

app lied reverse volta ge , then this woul d be the rever se

• saturation current. Calculations on our theoretical

model show that th is ‘pseudo reverse saturat ion current ’

is rou ghly ‘proportional to the net doping in the GaAs ,

while the rectification characteristics are otherwise

largely insensitive to the GaAs doping. A comparison

of Fig . 3 (b )  with Fig . 7 shows these theoretical pre -

dictions to be borne out by experiment .

Coming back to the first heterostructure (of Fig. 2),

we dec ided to check the he tero jun ct ion in terface for a

dipolar space charge region , using conventional carrier

$ density vs. depth profiling .
12 The samp le , shown in

Fig. 8 , was prepared by using a self limiting anodic etch

techni que13 , to ensure that the subsequently deposited

Schottky barriers would punch through to the n~ subs tra te

4
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before breakdown . A tin dot was then alloyed to the top

surface to serve as the back contact . 10 mu diameter

gold Scho ttky barriers were then deposited at a pressure

below io
_6 

torr . Fig. 9 shows the N—W plot obtained ,

along with our interpretation of its various features .

Note the presence of an accumulation region in the GaAs

coupled with a depletion region in the Ga1_~
AZ
~

As. I t

should be cautioned that these results should not be

re gar ded as an yth ing be tter than qual ita tive. Also

Kroemer and Harr is14 have observed a similar ‘accumulation-

depletion ’ dipolar region at n—n GaAs—(Ga ,A 9.)As hetero—

junct ions , bu t have fa iled to see rect if icat ion .

DISCUSSION

Of the various possible mechanisms for current trans-

port across these rectifying heterojunctions , therm ion ic

emission emerges as the leading candidate. Mechanisms

that involve tunneling are improbable because the width

of the depletion region energy barrier in the high purity

Ga 7A9. 3As is of the or der of l000~ - 30O0~~, too lar ge for

tunneling. Space charge recombination can be ruled out

because the hole density is negligible. Space charge gen-

erat ion is possible ; however , the extremely low density of

interface states would suggest this mechanism to be unim—

porta n t .

:~ The large temperature sensitivity of the I-V charac—

4

- j~ 
‘ •

~~~~. 
-

~~~• -~.~~~
- • ;  •

~~~~ .‘
•.. ,

-
.

U 4 . . ,~I ~~~~~~ •, • ~ • ~ •j’ •
•’

~
• •  

~fr •
~~~ — 

___________ 

F

- 
,.
~— —~~~~~~~ - - —- t- — -- 

- 

— —~~~ ___



7)

ter ist ics backs therm ion ic emission over an ener gy

barrier as being the main current transport mechanism .

Such a barrier , of course , is expected to result from

the heterojunction bandedge mismatch theory . However ,

other possibil~ ties should be examined. For instance ,

Oldham an d Milnes tm5 have shown how a large interface

state density can pin the Fermi level at the interface ,

creat ing a deplet ion region on both sides of the inter-

face . The I—V characteristics , in such a case , would

show reverse behavior in both directions , and the N-W

characteristics would presumably show no accumulation

• region. Bes ides , Lan g and Logan 3 have measured the inter-

face state density on their LPE grown samples to be less

than 109cm 2, which is far too low to affect the band

bendin g .

A second possibility, that of a p conversion region

• at or near the interface is also very unlikely, mainly

because such a st ructure  woul d not accoun t for the ob-

served I-V behavior.
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FIGURE CAPTIONS

Fi g. 1 - Schematic  of the conduction band edge prof i le

acr”ss the n GaA s:n(Ga ,A9.)As graded gap hetero-

j unc t i on .

Fig. 2 - Schematic diagram of heterostructure examined

for rect if icat ion .

Fig. 3 - (a) & (b) — Room temperature I—V characteristics

measured across the struc ture in Fig. 2. The

substra te was groun ded, and the voltage V

applied to a mesa contact .

Fig. 4 - Low tempera ture ( unmeasure d , l00-200°K)

I—V characteristics of structure in Fig. 2.

• Fig. 5 — Theoretically calculated reverse I-V charac-

teristics of a heterojunction with material

parameters correspond ing to the experimental

values. The experimental curve is also

plotted for comparison .
V Fi g. 6 - A second heterostructure in which the

Ga 7A9. 3As interfaces a 1017cm 3 doped GaAs

layer , that was examined . The size of the

ohmic dots alloyed to this structure was

5 mu square (‘~
. l/~ of the area of dots in

f irst s t ructure) .

Fig. 7 - Room temperature I—V characteristics of the

structure in Fig. 6. Note the reverse sat—

• uration knee at about - .5 mA.

(
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Fig. 8 — Schottky diodes fabricated for measuring

the carrier density vs. depth (N—W) profile

across the heterojunction .

Fig. 9 - N—W profile measured across the hetero—

structure using a junct ion pro fi ler . This

measurement shoul d , at best , be regarded as

qual i ta t ive.

f

‘I

4

4’ _ _  

_
-v ~~~~~~~~~~~~~ —- -~~~~~~~~~~.-- — — 

~~~~~~~~~~~~~~~~~~~~~ - - ~ 
•— _________ 

- ‘
~~

•~1



- - •
~~~~~~~~~~~~~

-•--•-
~~~~~~~~~~~~~~~~

• - •-
~~~~~~~~~~~~

-• • •-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •- •

U

L~J Lii

U)

4

4
a

• z

— -  — —
CI) O _ • _ _  -Z LiJ

I-.

I)

I 4
• a

_ _ _ _  _ _  

~~~~~~ (
~~

L
~~~) 1~~~~~~i~~~~~ V

_ _ _ _ _ _ _ _ _ _  ~~ .----- - — --~~ - .~ r;v:~ •~~~ ! ~~~~~~~ • ~~~~~~~~~ 
-- —. TITT



• — • T L T J ~~~~~ —~~ 
• - - ------- --—- - •

z
0
C.)

Lii
z-,C-)
404

—i i-

~~~~~~~~~~~ 0

ç

\

_H

>- Iii — 0
I- ~1 0

‘al• LII C.)• C/) ku —

o z
0 

_  _  

0

__ __ 0
— I~) LU

LU
=0 0 ~o -i
0 — —

LU )~~

— CD
3 

.
~~~ 4- U,

4
4 U)

4 4I-.
CD 0

4 CD CD CD CD
C 1

C 1C

., • 

. •..._o ._. ~~
-
~~

-— .- -a 0

• — - •~~~~~~~ • - • •
• - • ,•

- •
—~~

. 
- - —• • -______

I~i 
• •-

~~~~~!~-~~~ 
:- • -

~ ~
- - • • •~i~~

•
~t~~

- • . F
l‘3 • • - • ~~~~~~~~~~~~~~~~ •

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

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~ — •••-—- —- --

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



• 

--- 
. 

--

~~~~~~~~~ 
-- —•- — - 

--~~— -

• ~~~~awja.aa
I a—•aa

‘‘a

4 ’

I 
• 

• -
.
~~

:-
~~~~~

. 

- • 

~~:z ~: •~ ~
“ !çj~~.!’~ - . 

—- -  -• 

4;



— — -•
-

—-- -“-.• • •-_ ------~---=-- • •:- • ••• __ •• _ • - • : T :~~~~LT _ -• - ———--—--- ——

kill
• /

I

I -

4 ~

•

•

4 1 
_ _ __ _ _ __ _ _ _  —~~~~ - • - - • •• •~~~~~~~~~~~~~~~~~~~ - • - -— — • - - — — ——4 .~~~~ ~~~~ -~~~~~ 

~~l~ d , •i~’~i) ~~~~ A.. 
-Ill

- 

_ _ _ _ _  -..



~~~~=~~~ ;-•- .~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• • •—--•- • ---- —

4 
4

0 ¶
0-  1

N ~~~~a~~~~~~ N ~~~~~

._
4

\\ ~~~~~4 C %~~~~W ~~~~~~~~~~

~ 
(~~ _J 1s~~_

I ‘~~\ 
I :~ LU

\ \ \  
~~~~~~~~~~~~~~~~~~~~

\ \ \ ~•,~~~~ ) , — 0 c c

\ \
• 

CSJ.

\ 

~~~

Cl) \

• 10
> \

\

• \
\ _I 

• 
04

• \ 8z
LU N

\ u ~>

In 9~ 
~ \

\
I - 

~~.. 0 

- -  -- ---
;

-
*: ‘•.~:• • • •

— a

~~~~~~~~~~~~~~~ 
— —-. - ,~~~ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
• ___— ___



- - 

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

~~~~~ 
‘-i--_— — -

~~~~~
_ ‘l

n GaAs (~~IO 17 cm 3)

n Ga 7 AI 3As (- ‘  1015cm 3)

1 n GaAs substrate

Vt

4 /~,

A - —•-------—-- • — - -•—•~~~
.- •~

—.
~~--~~

.----.——..- —

‘-‘V •~~ 
~.- ~~~ :‘ -. F

1~1 ~~~~~~~~~~
— -~~~ ——~~~~~~~ -=.——— •-‘• ~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~ - __~~~~~~~~~ ___ 

— 

—- -•— — — — -.--— — - •~~ —•• —



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

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• • - • - -

IR
a’ ;;
“alaaa u~~.

• 
.

a,

7

- - - - -  ~~~~~~~~~~~~ -~~~~~~~ --- •
•
-

• -
~~

- .
-
~~ • • • • .- 

——~~~~~~~~~ - —~~~~~~ —— • _ _ _ _ _

— ~~~~~~~~~~~~~~~ 
- —.. — -• -~~~~-‘-~~~~~~.L~ ~~~~~~~~~~~~~~~ ~~.~~~~~~~~~ -~~~~~ i:_ - •- —-- 

— 

~
-~1



--

~~~~

I-. 0 0 ,~H -  c~~~~w ~~~~~o

~-Z )-0~~~~0LL.
Cfl < Lii~~-~~f l> 0

4



0
I7_~~~~— f lG OA SI epilayer

l0”

nt - substrate
N 

~ccumuIotion
(cm 3) region in• GaAs

— (Go,AJ)As
bulk

Depletion
region in
(Ga, AUAs

- n GoAs
epilayer

JO 
0.5 1.0 1.5 2.0 2.5 3.0 3.5

W (microns)—”

4 • •.

‘-‘- ‘
I

( 
~~ 

• • • 

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

-

— .~~ -. .—~~ $w” — 0 — .‘~~ .~


