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ABSTRACT

This report describes the concluding nine-month phase of a three-year
investigation into the feasibility of coustructing active devices in thin-.
film form. During the reporting period, work was concentrated-on

evaporated gallium arsenide with the aim of determining electrical and

: structural transport properties neces: ary for a coplanar-electrode, ,
... space- charge—hm:.ted triode. Both amorphors and single-crystal sub- - -

' strates were used in this work. Differerices in results from those
obtained by other investigators le=d to two subsidiary investigations into .. -
methods for thermoelectric power measurements and for substrate - ’
temperature measurement. Although definitive film properties for
active devices have not been determined, the results of these investi-
gations should be of mterest in any future work in this area.
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A. INTRODUCTION .
The overall goal of thﬁese’investigations during the period 1964 to-

the present has been to obtain a useful active device in thin-filin form.
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The primary advax;tage of such a device would be the potential for eco-

“nomical batch fabriéation, together with other passive elements, by —

evaporation techmques. There is also potentiaf’for reduced size of .

T ;
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-~ circuits, greater tolerance to severe ‘environmental conditions such as
temperature and radiation, and very high gam-bandw;dth products,
During the péribd up> to mid-1 967, work concentrated on space-
char geilimited triode structures consisting of either gold or alumir;um
grids imbedded between layers of evapoi'atéd CdsS films. As preiriouélyf
" freported problems were encountered with both. the formation of a:
Schottky barrier between the gold grid and the CdsS films, and with
: oreakdown of the oxide layer insulating the alurmnum grid. " These
) rroblems cast doubt on the feasibility of this approach, -and no further
investigatibﬁs were made during this reportiﬁg peribd. A discussion
of the thickness variation of breakdown field strength found for our

plasma-oxidized é.lufninum films was published in the IEEE Proceedings

"Letters, January, 1968.
With the conclusion of the trioae structure 1nvest1gat10ns, emphasis

turned to an attempt to obtain evaporaterd gallium arsenide films with

electrical properties useful in a thin-film, coplana'r -electrode, space-
charge-limited triode. A de;scrip':ion of our method for evaporation of
gallium arsenide films was given in the previous report, and was also

published in the Review of Scientific Instruments Notes, August, 1968.
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During the present termiaal reporting period, research has concen -

trated on a study of the structural and electrical transport properties

A

of GaAs films evaporated on both amorphous and single -crystal sub-
strates. Also, differences in results from those obtained by other
investigators led to two subsidiary investigations into methods for

thermoelectric power measurements and for substrate temperature
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measurement. Although definitive film properties for active de-
vices have not been determined, the results of these investigations

should be of interest in any future work in this area.
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- - During the reporting period, the final report on our previous
» i work on coincident-radio-frequency techniques for writing and non- H
destructive readout of thin magnetié -film memories was completed,
This report is in publication and should be distributed in October,
1968, '
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BE. GALLIUM ARSENIDE FILMS EVAPORATED ON
AMORPHOUS SUBSTRATES

- Mr. W. S. Nicol
) Staff Member
Mr. R. H. Greischar
- Teaching Assistant
o Mr. M. Blaho
- . , Technician

1. Film Structure - : ' ' ~

- Our modified Gunther method of co-evéporatiéh of gallium and
arsenic described in the previous reports has been used for film fabrica-
~ tion, "Firlms have been evaporatéd on amorphous quartz, Corning 7059
glass and Fisher microscope slide glass. Substrate temperatures were
in the range 250°C to 400°C. Reflection electron diffraction patterns
were obtained with a Siemens Elmiskop I microscope, and:X-ray V_diffraAc-

tion measurements were made with a. Norelco diffractometer. Above

400° C substrate temperature, [111] texturing was predominant as shown

by both electron and X-ray diffraction in agreement with the extensive

1, For lower substrate temperatures

observations of Davey and Pankey.
texturing was generally [100] or [111]. At 300°C, distinct [211] textur-
ing was observed in one film by reflection electron diffraction, as shown -
in Fig. 1(a). However, X-ray diffractometer measurements showed the
bulk of the film to be predominantly textured [111], with additional reflec-
tions corresponding tothe (1 0T10) and (1 0T2) reflections of wurtzite
gallium arsenide. A second film was evaporated at the same substrate
temperature, but exposed to a prolonged arsenic evaporation for 30
minutes after the gallium source had been switched off, during which
time the substrate remained at 300°C. This film had predominantly
[100] surface texturing by reflection electron diffraction as shown in
Fig. 1(b); X-ray diffraction again indicated only [111] texturing. As far
as is known, the prolongation of the arsenic evaporation was the major
difference between these films. Tt was considered that [211] texturing,
not previously reported for evaporated GuAs films at 300° C substrate
temperature, was associated with excess gallium; however, the film
showing [100] surface texturing also had excess surface gallium, as

was detected by slow alloying over a period of several days, with an

overlving evaporated gold electrode film. It is likely, however, that

the amount of excess galliurn was smaller for this film.

-




b) [1 OO] texturing

Fig. 1 Reflection Electron Diffraction Patterns of
Evaporated GaAs Films on Quartz Substrates
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2. Electrical Transport Properties

Films evaporated without intentional doping have all shown resistiv-
ity in the range 103 to 107 ohm-cm. Films doped by diffusion from an
evaporated sandwich layer of copper or tin have resistivities of the
order of 102 ohm-cm. These films are fabricated by evaporating a film
of GaAs onto a quartz substrate at 330 to 360° C, cooling the svbstrate
to approximately 150° C, and evaporating the dopant film; a second
GaAs film is then evaporated with the substrate temperature again raised
to 330 to 360° C and the layered structure baked inside the vacuum sys-
tem at 490°C for 30 minutes. The undoped, high-resistivity films are
usually n-type as verified by thermoe®ectric power measurements, but a
change to p-type has been observed for one film. Doping with copper
has produced p-type films. Doping with small concentrations of tin has
produced both p- and n-type films. Although this effect for tin was
anomalous, it was found that higher concentrations of dopant did in fact
produce n-type rilms. No rreasurable Hall mobilities were obtained for
either undoped or doped films.

Stainless steel evaporation masks were fabricated by standard
photomasking techniques so that we have been able to evaporate simul-
taneously an array of nine gallium arsenide films on a single one-inch
square substrate. These films have a geometry convenient for four-
point probe measurements of resistivity and Hall mobility. A series of
experiments to find the effect of subjecting individual fiims f-om a single
evaporation to post-deposition annealing has been made. This was car-
ried out by sealed-tube annealing in an arsenic atmosphere. Ithas been
demonstrated by Barrie et a.l.3 that above 400° C CaAs tends to dissociate
with liberation of arsenic. The conditions necessary to suppress evap-
oration of arsenic have been given recently by Rcber‘cs.4 Since no mea-
surable Hall mobilities have been observed prior to annealing, film
resistivities and activation energies alone have been measured. Activa-
tion energies found for undoped films are 0.10 eV and 0.60 eV, fcr
temperatures above 300°K. Activation energies for copper-doped films
are 0.20 eV and 0.42 eV. These are in agreement witn the acceptor
levels found by Blanc, Bube and R0515 for copper-doped bulk GaAs. The
activation energy being equal to the acceptor level to valence band energy

suggests that there are fewer available holes for conduction than therc
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are donor impurities present. This agrees with our observation of the
unintentionally doped films being n-type.

Annealing was made at temperatures of 400° C and 700°C. Films
annealed at 700° C for 24 hours wei-e observéd to evaporate, either
through dissociation or through reaction with residual impurity gases.
Films annealed at 700" C for two hours and four hours did not evaporate.
Films annealed at 400° C did not evaporate. Time did not permit Hall
measurements to be made on these films. Their resistivities were ob-
served to have increased. It is considered that this approach of post-
deposition annealing in arsenic should be investigated much more fully

in future research.

3. Optical Absorption Measurements

Optical absorption edge rmeasurements fo: "ndoped films have shown
that the edge occurs at values ranging from 1.5 to 2.0 eV. These mea-
surements were made with a Cary 14 Recording Spectrcphotometer. A

reduction of the data is still being made.

C. GALLIUM ARSENIDE FILMS EVAPORATED
ON SINGLE-CRYSTAL SPINEL SUBSTRATES

Mr. W. S. Nicol
Staff Member

Mr. M. Blaho
Technician

1. Objective
Since spinel (Mg O. A£203

has the same structure as gallium arsenide (face-centered cubic), it

) is a convenient insulating material and

provides a suitable substrate for investigating single-crystal, high-
resicstivity films, even though it has a much greater lattice constant,

7.99 A compareu with 5,65 A for GaAs.

2. Film Structure

Mechanically polished substrates of both [ 100] and [111] oriented
s pinel were provided by the M.I.T. Insulating and O, :al Crystal Growth
Facility. After mechanical polishing,the substrates were either cleaned

by conventional methods of rinsing in distilled water and isopropyl

alcohol, or were chemically polished. Some experimentation was
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necessary to find the best etchant and the conditions to obtain a good
chemical pohsh Heated potassium hydroxide gave complete corrosmn.
O-thophosphonc acid, H3P0 » heated to 200 C gave a good po_xsh of
[‘00] ‘surfaces after 10 minutes nnmersmn. The 1mmersxon *‘ime was
reduced to 5 minute: “or .[ 11 1] surfaces smce etch pxts appea.red after
this time. At 280°C, [lil] surfaces were strengly etched after several .-
_mmﬁt=smHPO L S L S

374 TR
Galhum arsemde films were evaperated onto the spmel through both :

= rf' square >ad clover-lea:f sh‘aped masks.rlFor sﬁbs&‘aief témperatures be<
g tweetr406 [ and 500 C fhe fﬂms genera.lly showed st:rong textunng

A over most areas but mth some reg:ons hav:mg only- randomly onem;ed RN
i (:Iystalhtes, when exammed by reﬂectmn electron ﬁsffractmxy At 500 C

there was an inzcrease in crystalhte sme, hut mnnerous extra reﬂectmns,,; |

presmnably from. free gallmm, were presenﬁ I L C B -

Some [110} onentat:.on at, 456 C i:as been observed ona [1081 spmel S b

; face which was mechanically polished and cleaned. - Refléctions from =

[Illl and [333] pla.nes were also present. [110] tatunng has not been

: _7 observed on a chemr‘ally pol;shed turface. X-ray d:ﬁ'ractometer me4-

surements  show the underlymg films to have 1 1 11 textunng, with some

reﬂecn 'ns from the hcp mod:fzcahon. A more recent evaporatlon on

[100] and [l) 1] spanel substrates at 650 C has shown the formation of

- stronglytextured.ﬂms - - =

z —
o 3 z pl

3. Electr1cal Tran.—.port Propertles

The films are semz-msulatlng, bemg of the order of 106 ohm—cm,

~which is consistent with the hlgn substrate temperatures used. They .

are aisc photoconduetive. An interesting_ photovvbltaie effect has been
observed in'that potentials of 2 to 3 voits are generated when the films
are 111um1nat=d by whlte iight ﬁ-om a tungsten source of appromma.tely
50 mW,/cm“. The spectral response has not vet been measured. The
effect is apparently duerto barriers existing between different regions of b
the films. The film surfaces heve generally two distinct regions: _ %
i
i

highly reflecting, having the seme appearance as films on amorphous

; ) . . £
L T P PR i il

substrates at lower temperatures; and duller grey regions considered

to be associated with wurtzite GaAs. The photovoltages measured with
a Kelthley 601 electrometer are generated between electrodes contacting

4 the two regicns, with the ygrey region being pos,ltlve.

{ ANl
|
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~ An attempt was made to establish an upper bound to th..: value of

Hall mobility of these-films by using a d-c method. A Van der Pauw

mef.h’od was employed with a square sample geometry. IThe sample cur- -

- 7renf was obtamed from a 22.5-volt battery and the p051t10ns of the Hall ‘
voltage contacts ad;usted until the uubalance voltage was less than 150 7
] milhvolts‘ 7""lus voltage was measured thh a Ke:ﬂ:ley 601 eiectrometer .
wlnch along m& the sample, was allowed to stabilize over a penod of

7several days. E rom the f;kn resistivity andj:hmkness_ it was calculated

tha:t Aa d:ange m the \mbala.nce voltage of 15 milivolts would represent T |
amobxlity of lcm fsec‘ - On app'ymga magneﬁc field of 10K Gauss, a )
change of 5 mﬂhvolts was detected whu:h was mdependent of field chre::- :
~tion, mdxcatmg only ma }’es:nstance.‘ It 'was conclnded that the Hall
vo}tage was less than one nnhvolt, so that the Hall mcbahty is certalnly
Iess tba.n 0.07 cm /voltasec. )

o THERM)ELECTRIC POWER MEASURE!&ENTS L
: ONGALIIUMARSENIDEFIIAB F

- T o '#: TR TR Mr W. S. Nlcol
| - o ’ . _Mr. M. Blaho
" Technician

i, Objectives ' : ' . oz

Since we obtzined differences betwzen the tyre of majority carrier in
our films from those of other investigators, it was decided to improve
- our thermoelectric power apparatus to provide more accurate measure-

ments of the value of thermoelectric power, as well as its polarity.

Z». Thermoelectric Power Measurements

Apparatus has been consiructed for the mea.surement of thermo-
electric power of thin films having resistances up to 10! ohms over the
temperature range 25°C to 200°C. The films have evaporated aluminum

electrodes and contact is made to aluminum wire leads by means of

aluminum blocks. One of these blocks has a small heater inserted, while
_ the other makes good th2rmal contact w.th a much larger block forming

the base of the apparatus. Heating the base raises the temperature of

3

the whole assembly, and hence the film temperature., Then Ly ap-
plying a very small amount of power to the small heater, a differential

R e
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temperature of a few degrees centigrade can Be applied between the
ends of the film. The thermoelectric voltage is then read with an
electrometer. When a sfeady voltage is obtained, the differential
temperature is read by moving a thermocouple to make contact with
the smaller heated block. ’
CoPPer-doped p-type, films have thermoelectric powers which
) increase with temperature from 130 microvolts/°K at 25 C to ,
.. 435 mxcx:ovolts/ol( at 150° °c.. Undoped ~n-type, films have the?m&-
electric po'vers of approxunately la mu:rov'oli:s/o K which is constant

. 77 ~ over the temperature range 25 C to 200 °c. However, one of the
. | : n-type films measured changed to p-type after cyclmg to 200 C
D several tunes mth a correspondmgly }ngher thermoelectnc power.

_ A paper dlscucsmg this research on thermoelectm power
measurements and correlatmg the results with actlvatmn energy
measurements on films having copper, tin and zinc doplng, is bemg
prepared for poss:ble pubhcatmn in the future. | '

E INSULATING SUBSTRAT” TEMPERATURE MEASUREMENTS

N

Mr wW. S, N1c01

Staff Member

Mr. M. Blaho
Technician
Although substrate temperature is a critical paramecter in thin-
film depdsition, the conditions cf its measurement are sometimes
overlooked. A brgef subsidiary study has been undertaken to investi-
gate the influer.ce of thermocouple wire diameter and method of at-
-tachment to insulating substrates. Chromel-alumel wires of di-
ameters from 0.0005in. to 0.010 1n have been used. These were
attached to 2 in.-x 1'in. x 1 mm. quartz substrates by using fused
quartz cement supplied by Thermal American Fused Quartz Co. The’
substrates were heated by being in contact v&ith a stainless steel
‘heater block. To ensure as much isolaticn of the substrate from
thermal conduction as possible, the substrate was supported on small
ceramic pillars placed at the corners, A comparison was made be -
tween measurements for the following cases: (1) thermocouple junc-

tions imbedded in the substrates, close to the surface; (2) junctions
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contacting the surface, but with the connecting wires free, and (3) junc-
tions plus a length of the connecting wires in contact with the surface. The
results of this study showed that both the method of attachment and wire size
are important; but wire size is more critical. For tempera.tu”re measure-
| r =nt on quartz substrates it was found that accurate and consistent resultn
are only obtained for wire sizes below 0.005 in. For this case, method of-

attachment to the substrate was found to be relatwely ununportant.
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