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PURPOSE 

The purpose of this contract is to improve the under- 
standing of   current instabilities    in bulk semiconductors 
known as the "Gunn Effect" and to Investigate the properties 
of devices employing this phenomenon in order to facilitate 
an evaluation of their potential as practical microwave circuit 
elements. 

Since this effect depends on the bulk properties of the 
semiconductor on a microscopic scale,   part of this effort will 
be devoted to the growing and characterizing of high quality 
intermediate resistivity (1-100 ohm cm) GaAs,  either by the 
controlled addition of dopants or by the annealing of high re- 
sistivity material.    If the required resistivity can be achieved 
only by deliberate compensation of donors and acceptors,   the 
problem of obtaining such a balance homogeneously in the 
material will be investigated. 

Although there is now firm evidence that the Gunn effect 
is a result of intervalley transfer of conduction electrons,  a 
detailed understanding of the mechanism of the instability is 
not yet available.    One approach will be to study the observed 
"shock waves" of electric field in the bulk of oscillating sam- 
ples and to explore the effect of material characteristics, 
applied electric field,  and external circuit parameters on its 
behavior and on the output characteristics of the sample. 

Another approach will be to perform diagnostic experi- 
ments on oscillating devices in order to understand their per- 
formance characteristics and limitations and to determine the 
underlying causes. 



ABSTRACT 

Experiments designed to further explore the properties 
of heat treated boat grown n-type GaAs are described.    Doping 
with radioactive Zn has made possible the determination of the 
deep donor concentration,  yielding a value of 4x10     cm'   . 
Material for bulk effect devices Is also being obtained by solu- 
tion regrowth and vapor growth.    Efforts to batch fabricate 
Gunn oscillators with reproducible device characteristics have 
been disappointing,  the source of the problem not yet identified. 
Experiments designed to measure the drift velocity vs.  field In 
GaAs are underway. 
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I. MATERIALS STUDIES 

A. Introduction 

A process for obtaining bulk n-type GaAs of intermediate 
resistivity has been described in detail in the preceding prog- 
ress reports.    The carrier concentration in this material is 
fixed by the heat treatment history of the crystal,  while the 
donor distribution is determined by the growth environment. 
Work has been continuing on the understanding of the details of 
this process   so that material with desired properties can be 
obtained.    In addition it is necessary to characterize the result- 
ing material so that Its properties can be correlated with the 
operating parameters of the resulting devices.    An experiment 
is described below which is designed to measure the density of 
donor levels in this material.    Another experiment is underway 
to heat treat crystals under different As pressures to deter- 
mine why and to what extent this affects the properties of the 
bulk material.    In addition work on solution regrowth techniques 
is being done as an alternative source of intermediate resistiv- 
ity GaAs. 

B. Density of Donor Levels in Oxygen Grown GaAs 

As was described In the fourth quarterly progress re- 
port,  the shallow donor distribution in this material,  due prin- 
cipally to SI,  is fixed by the growth rate of the crystal,  the 
geometry of the growth vessel,  and the initial Ga.O pressure. 
In order to measure the density of deeper donor levels an experi- 
ment was undertaken to add a radioactive acceptor,   Zn,   to the 
crystal growth apparatus.    This enables the acceptor concen- 
tration in the crystal to be determined by radiotracer techniques, 
and a measurement of the carrier (hole) concentration yields 
the donor density from the relation 

r AD 

where   p Is the carrier concentration 
NA       Is the acceptor concentration 
Nj-.       Is the donor concentration. 
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Thus far this experiment has shown that the material is 
semi-insulating at Zn concentrations less than 3x10    cm*   . 
At a Zn concentration of 7. 5 x 10l6cm-3 the material,  after a 
750oC heat treatment,   is low resistivity p-type and appears to 
be in carrier exhaustion at room temperature with p = 3. 5 x 
lO^cm'3.    Therefore,   If the SI concentration is much less 
than lO^cm'' and the Zn concentration Is greater than that of 
any other acceptor level,  then Np Is equal to the deep donor 
concentration and Is about 4 x 10»6cm-3.    This Indicates,  In- 
cidentally,   that It will be difficult to grow reproduclbly p-type 
GaAs In oxygen with p < lO^cm-3 unless some way can be 
found to reduce N_. 

Now that It has been shown that low resistivity p-type 
material can be obtained and that the acceptor concentration 
can be varied,  It Is hoped that the activation energy of the heat 
treatable acceptor can be determined. 

C. Heat Treatment Under Excess Arsenic Pressure 

One crystal was sliced along the growth axis and each 
half was heat-treated at 750OC, one under the usual Ga rich 
three phase equilibrium and the other under ten atmospheres of 
As.    Hall Measurements showed no detectable differences be- 
tween the two pieces but all devices fabricated from the latter 
piece,  as described below,   showed very poor characteristics. 
Whether there Is some significant change In the material or 
whether there was some accident In the experiment Is not yet 
known.    This will be repeated and.   If the effect is reproducible, 
steps will be taken to understand what has been changed in the 
material. 

D. Solution Regrown Material 

In the second quarterly progress report,  an unsuccess- 
ful attempt was described to obtain highly doped linear contacts 
to n-type bulk Ga\s by the solution regrowth technique,   first 
described Hy Nelson. 1    The regrowth was shown to be of good 
quality but a high resistance Interface occurred at the substrate 
regrowth Interface.    Recently Brady et al have reported    the 
successful use of this technique on low resistivity thin epitaxial 
layers. 

Because of the relative simplicity of this process,   it Is 
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being explored as an alternatWe source of n-type material for 
bulk effect devices.    This material Is the result of adding oxygen 
grown GaAs to Ga melts which are contained in "Spectrosll" 
crucibles.    The growth occurs after a substrate wafer Is dipped 
Into a 900oC melt which Is then slowly cooled.    So far,   attempts 
to obtain lightly dopad n-type regrown material have yielded 
p-type GaAs with a hole concentration of 2 x lO^cm"^ which 
has oeen Identified as Zn,  a shallow acceptor Impurity.    The 
properties of the resulting material appears to be Independent 
of the Inert flushing gas used. 

n. DEVICE STUDIES 

A. Introduction 

One of the most persistent problems In the device aspect 
of this program is the fabrication of devices with reproducible 
properties.    In principle this should not be difficult as the struc- 
ture Is simply a semiconductor slab with two electrical contacts. 
However,  we lack a means for characterizing the material on 
the scale of the device dimensions so we cannot be sure of the 
suitability of a given piece of material except by fabricating 
devices out of it.    Furthermore,   the surface treatment of the 
material and contact technology is still largely an empirical art 
rather than a science. 

One of the goals of this work is to learn to control these 
processes so as to produce devices by batch techniques with 
desirable and reasonably reproducible properties or to under- 
stand what the limitations will be and what factors in the material 
and processes are contributing adversely.    Since It Is difficult 
to separate the effects of bulk and contacts on the properties of 
a single device,  we have taken the approach of evaluating con- 
tacts by applying them to several types of material and evaluating 
material by using several contact processes.    Results have been 
rather Inconclusive,  but It has been clearly shown that the 
alloyed contacts developed In this laboratory are satisfactory on 
n-type GaAs with resistivities at least as high as 10 ohm cm and 
that the heat treated material described in part I produces a high 
yield of oscillators,  at least over the central portion of the crystal 
cross-section.    However,  we still cannot confidently attribute the 
lack of reproducibility of devices to small-scale inhomogeneitles 
In the bulk. 

3. 



A paper has been submitted for publication which de- 
scribes the above mentioned contact process including details 
of the GaAs surface preparation and device fabrication. 

B. Vapor Growth of Material and Contacts 

As an alternative source of bulk material,  a program 
has been started In this laboratory to vapor grow Intermediate 
resistivity GaAs on semi-insulating and heavily doped substrates 
using transport mechanisms Involving l^,  O, ,  H^O,   and AsCl-j. 
In this way we may be able to Identify difficulties arising from 
the heat treat process of the bulk crystals or from surface dam- 
age due to polishing of the bulk If significant differences are 
observed In the operation of devices made from significantly 
different material. 

The material obtained thus far,   grown on substrates ori- 
ented 5° off the    {11 IB} and {100} faces,  has not yielded satis- 
factory devices.    Either the device showed a very non-ohmlc 
behavior,  or If ohmlc, displayed a saturating current charac- 
teristic with very weak Gunn oscillations.    It Is felt that the 
difficulty Is still In the vapor growth process and efforts are 
being made to Improve the system. 

We have had some success In vapor growing highly doped 
layers on n-type substrates by adding Te to the system.    If this 
process can be perfected,  It should be possible to make a linear 
electrical contact to the n-type material;    It then becomes much 
easier to make metallic contacts to the heavily doped layer,   as 
our experience In making Injection lasers  has shown.    This has 
the advantage that the critical part of the contact process can be 
done with the same technology and In the same environment as 
that used for the growth of the material Itself.    The quality of 
contacts made by this technique are being evaluated. 

C. Devices from Material Heat Treated Under Excess 
Arsenic Pressure 

As was mentioned In part 1(A),   one crystal was divided 
In half and these were heat treated at 750oC,  one under standard 
conditions and one under ten atmospheres of As.    The former 
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was used successfully to fabricate high power pulsed devices by 
P.   L.   Fleming under another program in this laboratory using 
alloyed contacts; the latter crystal failed to yield any devices 
with a well defined threshold and significant oscillation.    Care 
was exercised to control the surface preparation,   contact 
evaporation and alloying.    Unless some accident happened in 
the heat treat process,   the addition of the excess Arsenic 
pressure has a significant effect on the material's suitability 

III. MEASUREMENT OF DRIFT VELOCITY IN GaAs 

■a 

The recent measurement of Gunn and Elliott    of the 
current vs.  applied electric field In intermediate resistivity 
GaAs using fast pulse techniques have Indicated that the nega- 
tive resistance is much smaller than is predicted on the basis 
of exi.sting theories involving the Intervalley transfer of conduc- 
tion electrons.    It was felt that,  due to the fundamental Impor- 
tance of the drift velocity vs.   field relationship to the under- 
standing of bulk effects,   Independent measurements should be 
attempted to confirm this measurement. 

Accordingly we have undertaken two types of experiments 
to accomplish this.    Since there Is a re-arrangement of fields 
in the bulk associated with this negative mobility,   one must 
either apply the fields in a time short compared to this re- 
arrangement time or one must choose a material in which this 
time is lorg enough for more conventional techniques to apply. 
By applying microwave fields of sufficient amplitude one can 
impose fields in excess of the threshold value fast enough and 
by Injecting c arrlers Into material which cannot easily support 
domain formation,  one can stretch out the re-arrangement time. 
These experiments are still In their early stages and will be 
described In later reports. 
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CONCLUSION 

Several techniques are being employed to ( hararteri/.e 
the heat treated boat grown GaAs used for fabric ating bulk 
.•ffert devices.     By doping with radioactive  Zinc,   it has been 
shown that the deep donor density is about 4 x 1016( m"'.    By 
extension of this technique,   it should be possible to measure 
the activation energy of this level.     A preliminary experiment 
indicates that the properties of the mateirial are grossly affected 
by heat treating under excess Arsenic pressure although Hall 
effect measurements show no such effect. 

Techniques of solution regrowth,   previously explored as 
a contact process,   are now being employed to grow n-type GaAs 
which will allow controlled comparison with the heat treated 
material.    Initial work has not yet yielded satisfactory growths. 
A program is also underway to obtain both n-tvpe material and' 
heavily doped contacts by vapor growth.     The material so 
grown has not yielded very satisfactory devices but the contact 
technique looks promising. 

Efforts to obtain devices with reproducible charac teris- 
Uci bv batch fabrication have been disappointing.     Mthough we 
now have confidence in the contact technique,   we cannot yet 
definitely attribute performance variations in devices on micro- 
scopic inhomogeneities of the material. 

6. 



1 

2 

REFERENCES 

H.   Nelson,   RCA Review 24,  603(1963). 

D.   P.   Brady,  S.   Knight.  K.   L.   Lawly,  and M.   Uenohara, 
Proc.   IEEE 54,   1497(1966). 

J.   B.  Gunn and B.  J.   Elliott,  Phyg.   Letters 22.   369 
(1966). _•   '  7 



BLANK PAGE 

■ •'       --- 



Security Classification 

DOCUMENT CONTROL DATA • R&D 
fSfCunly clmtmitn »rum ol title    body ol mbmlrmcl and indeming mnnotmtton mu&t 6 rr»d *+i»ri  th9   < vriul: ttpcrt  t»  ClMaiftl 3 

1    ORIC.INATIN C ACTIucv (Co(por«l» »ufhor; 
IBM,   T.   J.   Watson Research Center 
P,   O.     Box 218 
Yorktown Heights,  New York   10598 

lm   mcPomT ttcumiry   c L»tii»c* ' ic«. 

UNCLASSIFIED 
2 6    SROuP 

J    REPORT  TITLE 

"MICROWAVE OSCILLATIONS IN BULK SEMICONDUCTORS" 

4   DESCRIPTIVE NOTES (Typ» ol report mnd Inelutlv» dmf) 

5th Quarterly Report   -    1 July to 30 September 1966 
5   AUTHORCS; (Xa»l nam*. ftraf nam«. Inliiml) 

Braslau,   N. ;     Woodall,  J.   M. ;     Lanza,  C. 

6   REPORT DAVE 

January   1967 
7«     TOTAL  NO    OF    PAGES 7b   NO   or nen 

8«     CONTRACT   OR   GRANT   NO 

DA 28-043 AMC-01 550(E) 
6    PROJECT NO 

7(»00, 21. 243. 38.00 

• a    ORiaiNATOR'« REPORT NUMBERfS; 

• b   OTHER REPORT  MOfSj (Any olhar number» »iml mtmy 
thl» i 

ba aaal#ia4 

ECOM-01550-5 
io AVAILABILITY/LIMITATION NOTICES          This docun.ent is subject to special controls and 

each transmittal to foreign governments or foreign nationals may be made only 
with prior approval of Commanding General,   U.   S.   Army Electronics Command 
Fort Monmouth,  New Jersey,    AMSEL-KL-SM.  

1)    SUPPLEMENTARY NOTES 12   SPONSORING MILITARY ACTIVITY 

U.   S.   Army Electronics Command 
Fort Monmouth,  New Jersey   07703 
 AM.SE1.-KL-.SM  

13    ABSTRACT 

Experiments designed to further explore the properties of heat 
treated boat grown n-type GaAs are described.    Doping with 
radioactive Zn has made possible the determination of the deep 
donor concentration,   yielding a value of 4 x lO'^cm"3.    Material 
for bulk effect devices is also being obtained by solution regrowth 
and vapor growth.    Efforts to batch fabricate Gunn oscillators 
with reproducible device characteristics have been disappointing, 
the source of the problem not yet identified.    Experiments designed 
to measure the drift velocity vs.   field in GaAs are underway. 

DD .'Ä 1473 
Security Classification 



Seiufity Classifiiation 

'*                                                                               KE> • ONOS 

Gunn Effect 

GaAs 

Donor Density 

Heat Treatment 

LINK  *      __i    ,       Ll\' 

 1  

Solution Growth 

Vapor Growth 

Device Fabrication 

INSTRUCTIONS 

I.   ORIGINATING ACTIVII Y     En.« th«- n.n.e and •<"'•" 
„r .hr.ontr.clor. .ubronlr.ttor. R.-ntee. U+aMmammil* 
«ensr ».Hv.ly « oth« orR.niz-tion fron*>fle milhot) .«■uinc 

Ihr rrt>ort. 
-„    RKPORT ShXUWTY CLASSIFICATION:   Enter the o»«- 
all serur.lv cU.mifir«iK.n   .1 the report.    Indicate wheth« 
"He\.,uted DM." .s included.   WaAing i. to be m ^cord- 
n.r with appropriate sc urity reRulation». 

'h     ..ROUP:    Automati.   .lownerad.n« .» »prcified in DoD D.- 
rect.vr SJOO.IO and Armed Kor.es Industrial Manual.   K.rtrr 
^L.-u,. number     Also, «ten applicable, sho* that optional 
ZJSSZ haTrT.een used l«l Group \ and Group * as author- 

itm4 

UTZSS* ««I;*" ^ot'be Elected *£* c.-sUic^ 
..on. show t.tle class.f.cation .n all capitals in parenthe.ts 
imme.t.a.rlv following the title. 
4.   PESCRIPTIVE NOTES   If ^.propnate. enter the t^pe of 
,« on   ■ e     interim. proRress. summary, annual, or final. 
rX .te'fnclu.".- daTes when a »pecif.c reports p«.od .. 

<  OV«T€*d. 

imposed by security classification, us.n« standard MMMWNi 
such as 

5.    Ain IDMSIC    Ent« .h.- nan-Ks) of •u•ho,<,' " »•"r."" 
or m lk> .rr^-    F.".« las, name, fust name. -M^*^^ 
U -AM^'S. ^* "•* ."^'••^»»ol s«v.cc.   The name of 
the ..rim T-l - "hor .. an absolute mm.mum requirement, 

t.     REPORT OAT--    Ent« .he date of the repc t as day. 
m„'h   vr^,   ./month, year.    II —e than one date appear, 
„„ ,hr .„.ort, u«e date ol ,.ublu at...«. 

7..     lOTAl.M'MHEROH'AGES    IS*?-. ^1!!«- 
.,h,.u..« I.-1I..V. n.>nn-I p-^.-ation pr.« edures. i.e.. enter the 
min,'..-r ..( p^ttes containing mlormatioifc 

f      N» MI.ER Oh REKKKENCF^    t>.l« the total numb« ol 

t.-t.f «-o. <•» < it«-<1 in the tn...rt. 
< oVrWAn  (»R GRANT Nt'MBER     II «rpcopr.ate. ent« 

(1) 

(2) 

im 

(4) 

'Quahlied reques.«s mmj obtain topies   .1 .h.i 
report Irom DDC." 
"Foreitsn i.nn'.unr.-m«-iit and disseti.ma.i'-n ol iM« 
report t^y DDC is no. auth-.n^ed." 

"U. S. Government aKen. tes rouy obtain "*••• ** 
this report directly Irom DDC.   Oth« qualilied DIX 
users shall request throuRh 

"U   S. mihtaiy agencies may obtain copies of thi- 
report dueclly Irom DDC.   Oth« qual.I.ed Us«s 
shall request through 

(S) "All distribution ol thii report is controlled.   Qual- 
ified DDC us«s shall request through 

ul Technu -i 
- [,vjbli< , md' 

s., 
(.(   .»H • ontract or grant und« which 

• h.- .«(.fli. able number 
■he .<v r. «a« «ntteiv 
Hh   *    *. 8.t    PHOJBC1  Nl'MBER     Enter tb.   W'opnate 

^ul^r...... nun*ier. systen. numb«s. task number, etc. 
a.    OKK.INATOR':. REPORT NVl«niER(Sv   ******* 

.Tal ..n-. oumb.-r b% which the d.^ ument wül be "*«Vf'~ 
23 , n.,u. ned bv the or,Kinat.n. ^tivity.    This numb« must 
be uniMiie to .»ir   repoft. 
.It,    «tl IIKR RW'ORl   VMIIERlS)     II the report has been 
:^..P!'   an.     .heTrer un,b«. M*« »» *• o"*""*' 
„r f.i l>ie Ms«n .-rj, also .".er this number«»). 

10.    AVAU.AIIII.ITY  LIM11 ATK>N NOTICES: 

l..■< lOM 

If the report has been li»nish«d t.   the Office 
Services. Department of Comrner. e. for sale to th 
cate this fact and enter the price, il known. 
It   SUPPLEMENTARY NOTES    Use lor additional explana- 

tory notes. 
li    SPONSORING MILITARY ACTIVITY     Er*« »he nan e of 
the d.p-t">"tal pro,«. -If.ce o, labor-. NT, *^*^*r<Mr 

in« for> the researc h and development.    Ine lüde addr. ss. 
13     ABSTRACT.   Enter an abstract R.v.ng a br.el ard faj .ua! 

summary of the do. umen. indic-.ive of the pVOrt. ' -•" .V," 
„ may also appear elsewhere in the body c,( the technical r- 
^..rt     Hadd.t^.I spa. e is required, a . ontmuation shec, shall 

be attached 
II is highly desirable .hat the abstract of cto"t>•«<>"*"" 

U- unclassifM d     Each p-ragia,*. of the -bs.r»,. • hal    end w.-h 
,„ indication of the military -. un.v clM«ftc»  "" »»••*"   " 
|,.rma...m m.he paragraph    rcpresen.ed as    TSi   'S-   <C(   «'   V, 

There i« no limitati-« en the length of .he absTract     II -w 
ever, the suggested length is from ISO .-. ?2S woms 

14     KEY WORDS:   Key words are     chm-ally meaningful terms 
or short phrases that character,,.- a report and mav be used as 
inde. entries lo, cataloging the report     Key weds must be 
elected so that no se. un.y c la' s.f.c at.c«, '^"^'^     '^.V.r, 
Hers, such a . equipment n.-wfel designa.ion   trade name, military 
projert code name, geographi.   I » ati.n. may be useH as k, y 
words but will be Mlowed by an indication   -f v-hnwal con 
test     The assignmen.   .1 links, rules, and weigh.s r. option»! 

Enter any lim- 
11   Mill 11 I   1,1-iii".-.       - .K._ ,K„.. 
,.n lur.lK-r d.ssemma.ion of .he report, other than those| 

«|i    (•«»•Sit 
Secunlv Classification 


