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I. INTRODUCTION

The present program concerns the synthesis of compouad semiconducting
materials, with particular emphasis on their use in new and novel micro-
wave devices. The program is divided into three major sections: thin
film epitaxial growth of III-V compounds; the design, fabrication and
evaluation of microwave devices and fundamental studies of crystal
synthesis and properties. '

The devices of primary interest are of the planar microwave and
acoustical type, employing thin films of GaAs as the active layer.-d?he
choice of GaAs was made based on its unique properties: exceptionally
high carrier ﬁobility, a moderately largz band gap, the Gunn effent an&
plezoelectric response. These planar devices require high quality active
layers of GaAs, with particularly strict requirements on film thickness,
surface smoothness, cgrrier density, and mobility in the film. The
layers intended for microwgve devices are grown by the liquid phase epi-
taxial technique.

In the period covered by this report, there has been significant
activit& on all aspects of the progrsm. The major activity of the.epi-
taxialhcrystal growth section of the program has been the study of
mechanisms for contarmination of layers during growth. It had been noted
that some layers had deterioréted in quality concurrent with iwprovements
made in the growth procedure. A major consideration iz elucidating this
behavior has been the interaction of the graphite crucibles, the quartz
containers and the high purity hydrogen protective atmosphere, with
particular reference to possible chemical vepor transport of impurities.

In the device fabr.cation segment of the program, several travelling wave



amplificrs were produced using material from various sources. Diffi-
culties were encountered in making ohmic contacts to the very thin layers
that were necessita:ed by modifications in the device design. The basic
study of the defect structure of GaAs has concentrated on the understand-
ing of the photoconductivity characteristics of high resistivity Gaas,
namely, GaAs:Cr, and GaAs:0. A larger number of imperfection levels were
noted in these materials. In the study of the scientific aspects of

GaAs crystal preparation, there have been refinements in the theoretical
calculations of the structure and energetics of the CaAs(S) - Ga(L) inter-
faces. The treatment has been refined to produce more satisfactory results.
In the vapor growth of GaN, rather‘exciting results have been obtained.

A materials growth and device fabrication procedure has been dewveloped

that produces violet electroiuminescence. To the best of our knowledge,

this is the first such device to produce 1ight at this waveleagth. A

description of these respective activities is given below.
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ITI. EPITAXIAL CRYSTAL GROWTH
R. S. Feigelson, B. L. Mattes, K. K. Route and P. Pettit

A. PROGRAM OBJECTIVE

The principal objective of the epitaxial growth program is the pre-
paration of high quality, uniform and reproducible epitaxial layers of
GaAs for the device applications program. The device program requires
layers (not obtainable commercially) that have carrier densities in the
low 1014 cm-3 to 1015 cm-3 rouge, 300°/77°K mobilities above 7000/50,000
cmZ/Vhsec, thicknesses in the .5-30um range, and optically smooth surfaces.

In order to meet this objective, considerable effort has been
devoted to the development of new methods of growth, the study of vari-
ables that influence growth, techniques to prepare and handle materiéls
involved in growth, and methods to evaluate the growth and its proverties.
In addition, the epitaxial crystal growth program is coordinated with the
materials studies and device applications programs to prepare materials
with specific properties and dimensions and to interact on problems of
mutual concern.

‘The most recent objective in this program is the reduction of back-
ground impurity levels to improve the quality and reproducibility of the
electrical properties of the epitaxial layers. The results from reactions
observed betweer high purity hydrogen on carbon and fused quartz has
prompted a study on less reactive matcrials in the system, e.g., argon,
A1203 ceramics and pyrolytic BN.

The futur:z objectives of the epitaxial crystal growth program will

be: (1) to meet the device application and materials study program
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requirements for II1-V materials with specific properties; (2) to con-
tinue the development and evaluation of ohmic contacts on GaAs epitaxial
layers; (3) to continue the analysis of the liquid phase growth process,
in particular, nucleation Phenomena and the incorporation of impurities;
and (4) to develop techniques for growing epitaxial GaAs on oxide sub-~

strates.
B. PROGRESS

1. Achievements

The liquid phase epitaxial growth systems have been modified to
eliminate sources of contamination that may arise from gas leaks and
questionable materials. These modifications include glass to metal seais
in place of viton O-ring seals, stainless steel gland fittings with
nickel gaskets and He-arc welds in place of Swagelok fittings, and new
quartz reactor tubes and purified graphite boats. These changes have
improved the reproducibility of electrical properties of the layers, but
the electrical properties have not been appreciably improved. Under
ultra tight and contamination free conditions there appears to be a
graphite-fused quartz reaction above 600°C that degrades the electrical
properties of the layers. Changes are presently in progress to circum-
vent this problem by studying the effects of growth and bakeout tempera-
tures, high éurity ceramic Al 03. pyrolytic BN, and purified Ar on the

2
electrical properties of the layers.

2. Growth Studies
Improvements have been made to eliminate leaks and questionabie

material contaminations in the growth system. Unforesaeen difficulties,
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however, have arisen from thece changes~-the electrical quality of the

15 to 4x1016 cm-3 carrier densities

layers has decreased yielding 4x10
and 4500-6500/10,000-30,000 cm2/V-sec mobilities at 300°/77°K. On the
other hand, the reproducibility and uniformity of the electrical proper-
ties have improved. The layers are heavily contaminated with carbon and"
oxygen, as determined from mass spectrometric analyses. Photoluminescence
measurements have indicated the presence of silicon as a major impurity.
The impurities, carbon, oxygen and silicon, appear to be associated with
reactions between the graphite growth cell, dry high purity HZ’ and the
fused quartz reactor tube. The Ga and/or GaAs may also take part in
these reactions. However,‘at the growth temperatures around 700°C, with-
out the latter, carbon and/or silicon are deposited around the graphite
boat and ;n cooler parts of the system.

Over 100 GaAs layers were grown during the past six month period.
The source of the impurities, however, has not been ascertained. Two
systems, composed of a quartz reactor, graphite cell and H2, were sys-
tematically changed and varied, but the cause has not been localized.
Cleaning procedures, growth and bakeout temperatures,'graphite cells,
hydrogen purifiers, sources of Ga, GaAs source, GaAs substrates, etc.,
have all been modified but to no avail. Typical results from a series
of four growths, associated with a specific change in the growth system,
is shown in Table II-1. In this case, the graphite cell was vacuum fired
at 1500°C, the reactor was fired at 1000°C with 02, and then the cell
and reactor were fired together at 700°C with purified Hz. New Ga and
GaAs source materials were added to the system for a bakeout at 700°C
under H2. The series of growths that followed had a satiration tempera-

ture of 700°C. Tne principal characteristic of every series attempted was
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that the second or third growths had the highest mobilities and the
lowest carrier densities. There were no continuous trends to succes-
sively better results. Howeyer, by increasing the saturation tempera-
rure, e.g., to 800°C, the electrical properties will imyrove and appear
to have the same degree of electrical compensation. This effect is now
under further investigation. Long term, high temperature bakeouts above
700°C in between growths, however, severely degrade the electrical
properties. -

No improvements in the electrical properties were noted when the
following modifications were made to the maferials used o to the system:
high density graphite or pyrolytic graphite, new and purified by the
manufacturer or used and purified at our facilities; new or old H2 puri-
fiers from different manufacturers, He-leak checked to better than 10—12
atm-cc/sec; new or old fused quartz reactor tubes, carefully cleaned,
flame polished or not; and glass to metal seals, He-arc welds and gland
fittings with Ni gaskets or viton 0-ring seals and stainless steel swage
fittings at every joint in the system, He-leak checked to better than
10712 atm-cc/sec.

By the process of elimination of various changes in the growfh
system, several factors in our systems remain unresolved:

(1) reduction of fused quartz by extremely dry pure H2.

2(g) > 81000y + Hy0pgy

510 + H

2(8)

and/or
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(2) reduction of quartz by graphite

C(s) + 8102 - C0(8)+S:l.0

(s) (g)

and/or

C + 810 + C0 + Si H
(s) 2(s) 2(8) (s)

and (3) reactions that combine (1) and/or (2) with Ga

Ga(z) + 2H20(g) +> Gazo(s) + 2H2(g)

and/or

2Ga(£) + CO(g) > Gazo(s) + C(s)

and/or

2Ga(£) + SiO(g) > Gazo(s) + 51

(s) °

Some of these reactions are normally not considered energetically possible
based on thermo-equilibrium calculations. However, they might occur if
(a) under extremely pure conditions some form of surface catalysis takes
Place or (b) there are some residual oxides present to setup a cyclic
process that will introduce C, 0 and Si onto the epitaxial growths.

A conceivable sequence of reactions that might take place, without
Ga or GaAs, is the following: (1) loosely bound.SiO2 cn the walls of the

fused quartz ieacfor tube is reduced by Hz.

H + 510 + 810, . + H.0 , (1)
2(3) ' 2(3) (8) 27°(g)

Creating water vapor; (2) the water vapor reacts with the carbon,




’ (2)

HZO(g) + C(s) + CO(B) + H ©

2

creating carbon monoxide; (3) the carbon monoxide reacts with the silicon

monoxide of reaction (1),

co

() + 51o(g) -+ coz(g) + 51(8) R (3)

creating silicon which will condense in cooler portions of the reactor;
and (4) the reaction becomes cyclic when the CO2 from reaction (3) reacts

with the carbon,

co + C = + 2C0

(4)
2(g) (s)

® °
creating CO which will in turn react with Si0 from reaction (1). This
cyclic process will not appreciably deplete the carbon source. The fused
quartz, on the other hand, will only be chemically attacked until the
loosely bound S:I.O2 is depleted. Thus this sequence of reactions should
only exhibit a fini;e reaction period. This process may have occurred
when a highly flame polished fused quartz reactor tube was baked out with
a pyrolytic graphite boat at 800°C. After 10 hours a heavy black deposit,
apparently silicon, condensed onto cooler regions of the reactor, princi-
pally around the quartz spade supporting the graphite cell. The deposit
decreased with further baking and disappeared completely when Ga was
introduced into the graphite cell. The subsequent growths had carrier
densities in the 108 cm3 range and very low mobilities.

A carbon reaction in the growth syetem 18 also indicated by two ad-

ditional experimental observations: (1) When an all quartz system is

used, 1.e., the graphite cell replaced by a fused quartz cell, the
'y ‘
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electrically active compensation changes and the carrier densities are
in the low 1015 cm-3 range; and (2; when the GaAs source and two succes-
sive growths were analyzed by mass spectrometry, Table II-2, the carbon
content increased 3X and the oxvgen decreased 3X, paralleling the in-

crease in carrier density, 7.2x1015 to 3.4:1016 cm-3

» while the total
impurity coatent decreased only 20X%. The impurity content, however, may
be misleading in that part of the content included the apbltrate--the
layers were only 10um thick. A photoluminescence spectrum showed a mas~
sive Si peak in growth 435 compared to 434. Thus the analysis in

Table II-2 may correspond principally to the impurity content in the Cr

doped semi-insulating substrate.
C. PROPOSED FUTURE WORK

The principal objective for the remainder of this contract will be
to solve the impurity problem so that reproducible high electrical quality
layers can be obtained. Several changes in the growth systems are
already underway: (1) u;e of pyrolytic BN, A1203 and S:I.O2 growth cells;
(2) replacement of the fused quartz reactor tube with a high purity
ceramic A1203 tube; (3) use of purified Ar in place of purified HZ; and
(4) use of an O2 analyzer to monitor the output of the reactor. Both
A1203 and BN are more stable to Ga and GaAs, and Ar should reduce the

reduction of fused quartz. The purity of these new materials is in

question, however, their stability may provide a key advantage. An 02

- analyzer has been designed, and the parts and equipment are available.

This should be extremely useful for tie evaluation of the growth reactions.

Further, mass spectrographic analyses will also be made to identify the

reééting speciles.

-




Since some of the present GaAs growths still neet specific property
and dimensional féquirements for the device program, the growth program
will maintain a fiexible capability to meet these commitments. Improved
materials will also be made immediately available to this program.

A continued effort will be made to (1) develop o’ layers for elec-
trical contacts; (2) study the variables that contrcl growth in the
liquid phase process; and if time p.-mits (3) develop heteroepitaxial

techniques to grow epitaxial GaAs layers on A1203 and BeO substrates.
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TABLE II-1

Electrical Properties at 300°/77°K

Growth No. Mobility Carrier Density
(cmz/V-sec). (cm-B)
465 4900/17, 700 9.7/6.4x103
466 6110/32,100 2.6/2.1x10%°
467 6090/23,900 7.4/5.6x101°
468 4600/15,000 14/9.7x10%°
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TABLE II-1

Electrical Properties at 300°/77°K

Growth No. Mobility Carrier Density
(cmZ/V-sec). (cm-a)
465 4900/17, 700 9.7/6.4x10%>
466 6110/32,100 2.6/2.1x10%°
467 6090/23,900 7.4/5.6x10%°
468 4600/15,000 14/9.7x10%°
/70. 8
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TABLE II-2

Bell & Howell Mass Spectrometric Analysis of GaAs

Element” GaAs Source Growth #434** Growth #435™*
(parts per million atomic)
B .18 1.0 3
c 6.4 9.8 32,
N 1.5 16 5.1
0 9.0 80. 26.
F «5C 1.2 1.8
Al .76 2.5 3.6
Si «97 3.1 4.8
Pb «90 N.D. N.D.
S .98 1.5 3.0
C1 .70 1.5 1.0
K 2,7 1.1 3.2
Ca «28 1.2 N.D.
Cr $22 2.1 2.6
Fe ' +60 1.3 1.2
26.¢0 107.9 84.6

%k

GaAs spectrum interferes with Na lines

Electrical properties at 300°/77°k

# 434
# 435

6510/22,900 (cmzlv-lcc)

4420/12,200 (cm?/V-sec)

oce

7.2/5.5%10" (ca3)
3.2/1.9x10'% (ca™3)




III. APPLICATIONS OF COMPOUND SEMICONDUCTOR MATERIALS
G. S. Kino, S. Kofol and R. Bisio

A first batch of GaAs traveling wave amplifiers with Schottky-
barrier input gates was designed and fabricated; their configuration and
the fabrication sequence were illustrated in the previous report. A
typical I-V characteristic of the devices is shown in Fig. 1. Incoherent
osciliations were present at voltages sligantly higher than the threshold
voltages. All of the devices were tested from 2 to 10 GHz with the cir-
cuit shown in Fig. 2. All devices tended to oscillate. The capacitive
coupling from input to output was relatively large due to poor shielding,
so that the input-output loss of the device with no drift field applied
was only of the order of 13 dB. However, although we would observe a
change in output level of a few dBs at 7.5 GHz when the drift field was
raised above threshold, it appeared that the coupling of the input signal
into the device was extremely weak, and that changes in the external
circuit had very little effect on the broadband oscillations present in
the 7-12 GHz range.

A new design of the amplifier was then carried out. The main fea-
tures of the new design are: reduced epi-layer thickness of 1-4 um; a
reduced value of the nd product to 1-3 x lollcm-zg input and output
Schottky-barrier gates; Schottky-barrier ohmic contact extensions to
control the dc field distribution; and mesa etching around the ective
device, so that bigger input and output gate bonding pads could be
placed on the semi-insulating substrate and yet have 2 small capacitance
to ground. A drawing of the new design is shown in Fig. 3. The thickness

°
of the 8102 layer 1c¢ 3000-6000 A. The width of the device is 500-100 um
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and the other dimensions are shown in the blow-up of Fig. 4 for two
different sets of devices.

The mesa etching procedure was first investigated using a (111)B
orientation. We were able to obtain reasonable slopes for the mesa
profile, as shown in Fig. 5, so that the gate metallization did not suffer
cracks crossing the mesa step. The (100) orientation was also investiga-
ted. since it is easier to obtain material with this orientation. In this
case, he mesa profile depeuds strongly on the orientation of the mesa
step on the (100) face. Reasonable slopes were obtained for mesa oriented
along the (011) axis.

The construction of these devices has been delayed severely owing
to difficulty in obtaining the required epitaxial material. Horcovcr.’
we have been experiencing difficulties with the process fur making olmic
contacts, which had worked perfectly with all our previous material.

A first attempt was made using mucerial provided by the Center of
Material Research: CMR-283~-TG, (111)B, thickness 0.8 um, carrier density

15 cm-s. and CMR-291-TG, (111)B, thickness 2.8 ym, carrier concentra-

15

2x10
tion 1x10°~. The Ag-In-Ge contacts did not work for these two samples.
We checked out procedure for making ohmic contacts processing simulta-
neously these two samples together with some other samples from CMR,
Fairchild, and Monsanto. Ohmic contacts could be made perfectly to all
the samples but CMR~283-TGC and CMR-291-1G.

A second attempt was made using material purchased irom Varian
Associates: Varian N-44-A, (111)B, thickness 1.76 um, carrier density
1.5x1015 cn-a. In this case it was again not possible to make good

ohmic contacts. Several attempts were made using differuut mathods of

evaporation and alloying. The problem proved to be extremely elusive,

12



since we were still successful in our trials with thicker layers but
could not make ohmic ( >ntacts to the thinner materials.

A third attempt was made with another sam>le bought from Varian
Asgoclates: Varian N-86-A, (100), thickness 2.5 Um then reduced to
1.5 um by chemical etch, carrier density 2.4x1015 cm-3. This time the
ohmic contacts were deposited at Varian Associates, and at Hawlett- '
Packard. The alloys used were the same, Au-Ge, but the procedures were
quite different. The contacts were still not ohmic; thay were sensitive
to light and showed premature current saturation. An analysis of the
I-V curvee vs. temperature seemed to indicata that an unusually Y1gh
concentration of traps at the intarfaca batween the apitaxial layer and
the semi~insulating substrate could be reaponsible for tha difficulties
encountered in making ohmi: contacts, the affact of the traps being
reletively more important in thin apitaxial lavars.

We are now making new attampts to construct a davice from a thicker

epitaxial layer.

13



FIGURE CAPTIONS

Figure III-1. I-V characteristic of the GaAs amplifier, taken between
source and drain, with the input Schottky-barrier gate
floating.

Figure III-2. RF testing circuit for the Gaas amplifier.

Figure III-3. Schematic view of the GaAs amplifier with Schottky-barrier
input and output gates. (A) semi-insulating GaAs substrate;
(B)n-type GaAs epitaxial layer;(C) ohmic contacts;(D.)
Schottky-barrier contact extension;(D,)Schottky-barrier
gates;(E) insulating layer;(F) insula%ed gate.

Figure III-4, Blow-up of the center section of the amplifier.

I II

(pm) (jm)

21 93 70
22 85 65
23 5 5
24 5 5
25 65 45
26 56 36

Figure III-5. Mesa Profile on the <111>B face. Mesa step is 3.8 um

. Ll Ld . .
;t:?:?t is H202 : H202 : H20 (5 :1:1) at 26°C for

13.4
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Figure III-1., 1I-V characteristic of the GaAs amplifier, taken between
source and drain, with the iuput Schottky-barrier gate
floating.
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Figure III-3,

A Lo,

Schematic view of the GaAs amplifier with Schottky-barrier
input and output gates. A--semi-insulating GaAs substrate;
D--n-type GaAs opitaxial layer; C--ohmic contacts; D, -
Schetthy-harricr contact extension; D, Schottky-barr er
gates; E--insulating layer; F—-insulaged gate.
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Figure III-S5.

Mesa profile on the <111>B face. Mesa step is 3.8 um;
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IV. RELATIONS BETWEEN DISLOCATINNS AND MECHANICAL PROPERTIES AND THE
PRODUCTION AND CHARACTERIZATION OF DEFECT STRUCTURES IN COMPOUND .
SEMICONDUCTORS
R, H. Bube, W. D. Nix and A. L. Lin

A. PROGRAM OBJECTIVE

One of the objectives in this part of the jearch program is to
devise techniques for modifying and characterizing the line defect
structures in compound semiconductors, particﬁlarly GaAs, through high
temperature mechanical deformation Ou; previous measurements of elec~
trical conductivity, Hall and photo-Hall effect, photocoﬁduetivity and
thermally stimulated conductivity indicate that the electrical propérties
are affected more by the heating ~::cessary to achieve bending than by
the bending itself, and that the properties are controlled primarily '«
the imperfections present in the crystal rather than by deformation-
induced dislocations. We did find, however, that the photo-excited
carrier lifetime and Hall mobility were appreciably changed by heating
and bending. fo interpret these data more fully, we have concentrated
on an understanding of the photoconductivity characteristics of high~
resistivity GaAs itself.

One of the major impressions received by surveying the literature
and our own measurements on high-resistivity GaAs:Cr and GaAs:0 is that
a relatively large number of imperfection levels are common to almost all
high-reaistivipy‘GaAn. regardles2 of the specific method of preparation,
even if this method is labeled "no intentional impurities added."” For
example, five trapping states with depths between 0.2 and 0.4 eV have
been identified and reported in "pure" high-rusistivity GaAs, high-

resistivity GaAs:Cr and GaAs:0. These trapping states, as well as a

14




number of others, appear to be independent of the specific method used
to achieve high resistivity.

Althougﬁ a number of investigations of the properties and associated
energy levels of high-resistivity GaAs:Cr have been carried out, there
is still some confusion about the location of the associated levels and
the mechanisﬁ 6f the photoconductivity process. A nuﬁber of investiga-

tions to date. are summazrized in Table I.
B. PROGRI'SS: HIGH RESISTIVITY GaAs:Cr

1. Materials

All samples of GaAe:Cr were grown by the sealed Czochralski tech-
nique and were purchased from Bell ard Howell Co. Three as-grown samples
(124A, 136, and I4l) were cut from different places in the same ingot.
The heated sample (I24B) énd the deformed sample (I25) described partially
in previous reports were cut from the same place in the ingot as sample
I24A. An additin*al as-grown sample (IIZ) was cut from a diffecent ingot
for comparison. Typical impurity contents in the ingots ‘are summarized ‘
in Table Ii. aé determiped by mase spectrographic analysis. Although the
material has been doped intentionally only with Cr, it may be noted that
conceﬁtrations of C, 0, Na, Al and S are of the same order of magnitude.

Table III shows a summary of the.measurements made on each as-grown .

sample of GaAs:Cr.

2. Photocurrent Oscillations
The upper insert in Fig. 1 shows the I-V characteristics of sample
I24A at 295°K in the dark and at 82°K under intrinsic photoexcitation.

The boundaries of the cross-hstched region represent the maximum and

15




minimum values of the oscillating photocurrent observed at 82°K. The
oscillation occurs in a range where the photocurrent has saturated with
applied field, as is common in such phenomena. For an electric field of
47 V/em, oscillations occur for photoexcitation with wavelength either
0.83u < X < 1.06u, or 1.39u < A < 1.48u, i.e., near .he two maxima in

the photoconductivity spectral response, corresponding to intriﬁsic and
extringic excitation respectively. The curves of Fig. 1 show the varia-
tion of oscillation frequency and asplitude with applied fiéld and light
intensity. Such phenomena s~em to result from a field-dependent trapping
effect, but no direct evidence to this effect is yet available because

of a lack of detailed «<nowledge about the imperfection levels present.

3. Dark Conductivity and Hall Effect

The activation eneré& for the variation of dark cdnductivity with
temperature for the four aé#grown GaAs:Cr samples 1s 0.68 % 0.01 eV.
The Hall mobility is approximately independent of temperature in the
range 280°-330°K, but decreases with decreasing temperature below 280°K.
The required np product to account for this decrease in Hall mobility by
a two-carrier effect is at least three orders of magnitude larger than
the ni value for GaAs, thus indicating that a simple two-carrier effect
cannot account for the low temperature decrease in Hall mobility., The
location of the Fermi level for each sample at 300°K, calculated from

the Hall coefficient, is given in Table IV.

4. Photoconductivity Spectral Response
The spectral response of photoconductivity and Hall mobility are
glven in Figs. 2a and 2b for measurements at 295°K, and in Figs. 3a and

3b for measuremerts at 82°K. Intrinsic photoexcitation produces a
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maximum at 1.43 eV at 295°K and at 1.48 * 0.03 eV at 82°K; extrinsic
photoexcitation produces a maximum at 0.9 eV at 295°K and at 0.86 eV

at 82°K. The photoconductivity minimum which occurs at 1.0 eV at 295°K
is actually dominated by hole conductivity at 82°K. The missing data
between 1.3 and 1.45 eV occur in a range in which the measured value

depends on previous sample history with very long time constants.

5. Photoconductivity ve. Temperature

The temperature dependence of photozorductivity for intrinsic photo-
excitation (at the photoconductivity maximum) and the associated photo-
Hall mobility are given in Figs. 4a and 4b. Similar data for extrinsic
photoexcitation (again at the photoconductivity maximum) are given in
Figs. 5a and 5b. Apparent activation energies for the various semples
and modes of photoexcitation are summarized in Table IV,

The temmerature dependence of the photoconductivity and photo-Hall
mobility for extrinsic excitation at 1.11 eV are shown in Figs. 6a and
6b. The temperature at which the photo-Hall mobility changes sign is

also listed in Table 1IV.

6. Photoconductivity Models

It is evident from the above results that we are dealing with a
multilevel (probably a ninimum of 3 levels) system with a delicate balance
between n~ and p-type conductivity. The various samples measured indicate
different stages along this balance and the detailed data should provide
a guide to interpretation. The essential qualitative features of the
uodel were described in the previous report and need not be repeated here.

The temperature dependence of photoconductivity shown in Figs., 4

and 5 has been rcported in other investigations of various types of high-
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resistivity GaAs crystals. For example, in measurements on "pure" high-
resistivity GaAs, Bube and MacDonaldl5 report three crystals for which
the 1n photoconductivity increases linearly with 1/T. Effective activa-
tion energies for photoconductivity lie between 0.077 and 0.100 eV;
photo-Hall measurements show that the activation energies for electron
density lie between 0.083 and 0.095 eV. Data on 8 other a-type high-
resistivity crystals in the same report indicate photoconductivity activs-
tion energies between 0.072 and 0.105 eV. 0me11anovak116 hss shown that
the 1n photoconductivity iacreases linearly with 1/T in GaAs:0 with ef-
fective activation energy of 0.06 - 0.07 eV. Instancss in high-rcointivit&
GaAs crystals in which the 1a photoconductivity decreases with 1/T (like
those shown in Fig. 6) have been repo;tcd in p-type GaAs:Si:Cu cryntal,
by Blanc et al.17 The spread of effective activation energies is large
but many values in the range of 0.08 - 0.11 eV are reported. The effec-
tive activation energy for several of the curves shown in Fig. 6 is of
the order of 0.06 eV. A previous attempt tc ntegrate these results sug-
gestlls that centers 1ie 0.09 eV above the valence band which act as
sensitizing centers for n-type photoconductivity and recombination centers
for p-type photoconductivity. The fact that this activation energy sp-
pears to be varying in a systemetic way in our pressnt samples of GaAs:Cr
(as seen in Figs. 4, 5 and Table iV) sugges, however, that the location
of a single discrete level is not responsible for this behavior.

We are in the process of exploring a number of fundamental photo~
conductivity mode's with 1 or more recombination levels dominating, and
for intrinsic or extrinsic photosxcitation. A 1-level model in the
large-signal Shockley-Ru:1 treatment provides a mechanism for a variation

of 1a photoconduccivity increasing with 1/T; such a variation occurs for
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n-type photoconductivity if the level lies below the dark Fermi level,
and it occurs for p-type photoconductivity if the level lieg above the
dark Fermi level. In either case the activation energy corresponds to
the positive difference between the energy of the recombination level
and the energy of the Fermi level, and the photoconductivity is pre-
dicted to vary linearly with light intensity.

General expressions can be readily derived for the photoconductivicy
behavior of multilevel systems for intrinsic or extrinsic photoexcitation.
The difficult step in the final solutior of each problem is the derivation
of the relationship between the photoexcited electron density and the
photoexcited hole density. To apply the approach of calculating the
change in occupancy of each level to account in a detailed way for the
Jifference between An and Ap, as is done in the Shockley-Read model above,
requires extensive calculations. Another method of establishing the
relationship between An and Ap, which may be useful in certain cases, is
to attempt to derive this relationship from simple charge neutrality con-
siderations, assuming that two or more of the levels involved determine
tha location of the equilibrium Fermi level and that the relationship
between dark electron and hole densities can be used also in photoexcita-
tion for a relationship between An and ap. When this approach is applied
to a 2-level model with levels lying El (below the Fermi level) and E,
(above the Fermi level) below the conduction band, the 1n photoconductivity
is predicted to decrease linearly with 1/T with an activarion energy of
sither 22/2 or (EI-EG+222)/2, whichever is the larger, and the photo-
current is predicted to vary as the square-root of the excitation intensity.

Similar models will be explored further.
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C. PROGRESS: HIGH RESISTIVITY GaAs:0

Characterizing measurements were made on a crystal of high-resistivity
GaAs:0 for three reasons: (1) to sce whet characteristic differences, 1f
any, existed between high-resistivity GaAs:Cr and GaAs:0; (2) because
preliminary investigation of photoconductivity in GaAs:0 crystals had
already been carried out by Omelianovski; and (3) because a concurrent
investigation of defect states in GaAs:0 by electrotrensmission methods

is being underteken here by Jonath.18

1. Materials

The crystels of GaAs:0 usad were grown by the Monsanto Co., St.
Louis.19 Attempts were made to very the incorporated oxygen impurity
concentretion by verying the oxygen pressure in the reactor tube during
the crystel growth; nass spectrogrephic analysis of the crystals used,

however, indicetes only about § ppm of incorporated oxygen impurity.

2. Photocurrent Oscillations
At 82°K under intrinsic photoexcitation, the I-V charecteristic is

ohmic up to ebout 90 V/cm and oscillstions are obeerved at about 120 V/cm.

3. Dark Conductivity and Hall Effect

The ectivetion energy measured from the tempereture dependence of
dark conductivity is 0.47 eV between 295° and 330°K. As in the GaAs:Cr
sample, the Hall mobility is constant over this tempereture range and
then decreeses with decrmasing temperature below this range. The Fermi

level location calculated from the Hall coefficient at 300°K is 0.58 aV.
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4, Photoconductivity Spectral Response

Figure 7 shows the spectral response curves for photoconductivity
and photo-Hall mobility measured at 295° and 213°K.  The curve at 213°K
differs only slightly from that at 295°K.

The spectral response curve measured at 82°K 1s quite different.
Figure 8a and 8b shows the spectral response for photoconductivity and
photo-Hall mobility as measured 3 min and 15 min after photoexcitation
(very long time constants over part of spectral range) in two different
ways: (1) measuring from high to low photon energy on a previously
heated and cooled (in the dark) crystal, and (2) measuring from low to
high photon energy on a previously heated and cooled (in the dark)
crystal. The results can be interpreted to indicate two states for the
crystal: a higher sensitivity n-type state (except for the range between
1.1 and 1.2 eV) which is encountered at high ensrgies when measuring from
high-to-low photon energies, and is encountered at lov energies when
measuring from low-to-high photon enecrgies, 1.e., over that portion of
the spectral range encountered before exposing the sample to wavelengths
in the 1.0-1.3 ev range; and a lower sensitivity p-type state to which
the higher sensitivity n-type state 1is reduced by exposure to 1.0-1.3 eV
photons. The photoconductivity in the p-type state is about two orders
of ragnitude smaller than that in the n-type state. Comparison of the
low-temperature spectral response for GaAs:0 with that for GaAs:Cr in

Fig. 3 indicates qualitative similarity with soma quantitative differences.

5. Photoconductivity vs, Temperature
Figures 9a and 9b show the temperature dependence of photoconductivity

and photo-Hall mobility for intriusic excitation. The upper curve
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represents the crystal in its high-sensitivity state. The behavior is
very similar to the curves of Fig. 4 for the GaAs:Cr crystal, and the
effective activation energy is 0.066 eV. The lower curve represents the
temperature variation of photoconductivity in a low-gsensitivity state
induced by exposure to 1.08 eV radiation for 1 hr at 82°K. This quench -
ing process, as described beJow, 1s very long lived at low temperatures,
and the low-sensitivity quenched state persists lonr after the removal
of the quenching radiation. Upon hesting, however, Fig. 9a shows a rapid
and dramatic recovery from the low-sensitivity quenched s.ate to the
high-sensitivity state when the tempereture exceeds 105°K which is com~
pleted by 122°K. Reference to the thermally stimulated current curves
in Fig. V-7 of our previous report shows that this is the temperature
range in which the first major trep emptying occurs in GaAs:Cr; data

for GaAs:0 indicate quite similer behevior. We may conclude that the
low-temperature low-sensitivity quenched stete which persists is dus to
8 large density of photoexcited holes transferred to fast-recombination
centers by the quenching rediation, corresponding to electrons trepped

in the electron treps.

6. Optical Quenching of Photoconductivity

Figure 10 shows optical quenching spectra for Gais:0 et 80° and
213°K, 1i.e., below end above the criticel tempareture for the above long~
lived effect. The 213°K spectrum is quite similar to that messured for
GaAs:Cr (see Fig. V-6 in our previous report), with the possible shift by
0.1 oV to higher energies for the GaAs:0.

At 80°K opticei quenching in CaAs:0 is quite different from that ia

GaAs:Cr. The unset of optical quenching 1s at 0.5 eV with an abrupt
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increase at about 0.77 eV. 1In the spectral range from 0.5 to 1.13 eV,

the quenching light produces only quenching of the photocurzent without
any attendant stimulation; both the yuenching and recovery processes are
relatively fast. When the quenching photon energy exceeds 1.:3 eV, how-
ever, three processes are found: (1) a fast stimulation, (2) a fast
quenching, and (3) a slow and very large quenching, corresponding to the
effects described above. At 1.18 eV, for example, the fast quenching
produces 7.5 percent quenching; after 1 hr of exposure, the slow quenching
has produced 98 percent quenching with a decrease in the Hall mobility

9 to 1.8 x 102 cazlv-noc. If the quenching light 1s turned

from 1.5 x 10
off after this exposura, leaving the intrinsic primary photoexcitation on,
the Hall mobility increases to 8 x 102 cazlv-lec and the photoconductivity
increases from 1.9 x 10"6 to 2.8 x 10"6 (ohn-cu)-l. Even after a recovery

period of 4-1/2 hre at 80°K, the photoconductivity 1s only 6.8 x 10-6

(c:hm--c-)-1 and the Hall mobility is only 1.4 x 103 cmzlv-aec.
D. FUTURE WORK: HIGH RFSISTIVITY GaAs:Cr

(1) Continued development of a suitable model and interpretation
of tha data in terms of that model.

(2) Comparison of details of heat-treated and deformed samples of
GaAs:Cr with data on as-grown crystels with similar 1ifetime
characteristic, i.e., do hest-treatment and deformation essen-
tially do the ecme thing es heppens in a varisble vay in
samples taken from different portions of an as-grown ingot?

(3) Determination of the cause of differences between GaAs:Cr and

GaAs: 0.
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TABLE II

Summary of Mass Spectrometric Analyses of

Impurities Present in Cr-Doped Sealed Systeu GaAs

Typical Detection Limit Average Concentration
Element Ppma ppma
Li 0.u! £0.1
B 0.05 €0.1
Cc 0.05 : 1.3
N 0.05% £0.1
0 0.05% 2.4
F 0.05 €0.1
Na 0.5 2.0
Al 0.1 1-5
Si 0.05 0.5
P 0.05 &£0.2
S 0.1 1.4
Cl 0.1 €0.1
K n.1 €0.5
Ca 0.05 <€0.1
Cr 0.1 3.5
Fe 0.1 £0.5
Ni 0.1 €0.5
Cu 0.05 €0.1
* Zn 0.1 <€0.

Note: All other elements were not detected with detection limits

of approximately 0.2 ppma.

* Plate Sensitivity; does not take into account outgassing of
instrument, oxidized surfaces, etc.
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Figure IV-1.

Figure iV-2a. -

Figure IV-2b.

Figure IV-5a.

Figure IV-3b.

Figure IV-4a.,

Figure IV-4b.

Figure IV-5a.

Figure IV-5b,
Figure IV-6a.
Figure IV-6b.
Figure IV-7,

Figure IV-8a.

AR 2100 P et o
| YR T

FIGURE CAPTIONS

Variation of oscillation frequency and amplitude with
excitation intensity and applied electric field for
I24A at 82°K. The insert shows the I-V characteristic
in the dark at 295°K (lower curve) and under intriisic
photoexcitation at 82°K. The cross-hatched region
represents the region of oscillations.

Photoconductivity spectral response curves at 295°K.

Variation of Hall mobility with exciting photon energy
at 295°k, corresponding to the photoconductivity curves
of Fig. 2a.

Photoconductivity spectral response curves at 82°K.

Variation of Hall mobility with exciting photon energy
at 82°K, corresponding to the photoconductivity curves
of Fig. 3a.

Temperature dependence of Adark conductivity and intrinsic
photoconductivity.

Temperature dependence of Hall mobility under intrinsic
photoexcitation, corresponding to the photoconductivity
curves of Fig. 4a.

Temperature dependence of dark conductivity and extrinsic
photoconductivity, corresponding to extrinsic maximum.

Tempe cature dependence of Hall mobility under extrinsic
photosxcitation corresponding to entrinsic maximum, for
the photoconductivity curves of Fig. 5a.

Temperature dependence of dark conductivity and extrinsic
photoconductivity, corresponding to excitation by 1.11 ev
photons. , ‘

Temperature dependence of Hall mobility under extrinsic
photoexcitation corresponding to 1.11 eV photons, for
the photoconductivity curves of Fig. 6a.

Photoconductivity spectral response and variation of photo~
Hall mobility with photon energy at 295° and 213°K for
GaAs:0 crystal.

Photoconductivity spectral response curves at 82°K for
GaAs:0 crystal: measured from high to low photon energies,
reading after 3 min (o), and after 15 min (4) ; measured
from low to high photon energles, reading after 3 min (o),
and after 15 min ).




Figure IV-8b.

Figure IV-9a.

Figure IV-9b.

Figure 1IV-10.

Photo-Hall mobility vs. photon energy for GaAs:0 crystal
at 82°K: meassured from high to low photon energies,
reading after 3 min (o), and after 15 min (A); measured
from low to high photon energies, reading after 3 min (e),
and after 15 min (A).

Temperature dependence of photoconductivity for GaAs:0
crystal, for intrinsic photoexcitatior (A); and for
intrinsic photoexcitation after quenching with 1.08 eV
photons for 1 hr (o) at 82°K, measured while warming.

Temperature dependence of photo-Hall mobility in GaAs:0
crystal, for intrinsic- photoexcitation (A); and for
intrinsic photoexcitation after quenching with 1.08 eV
photons for 1 hr at 82°K, measured while warming, cor-
responding to curves of Fig. 9a.

Optical quenching spectra for GaAs:0 crystal at 213°K
and at 80°K. The data at 213°K are for two different
relative quenching intensities of 1 (A) and 0.4 (o).
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Figure 1, Variation of oscillation frequency and amplitude with excitation
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1.7 x 1014 photous cm~2 sec~l,




& TRA
® |38

PHOTOCONDUCTVITY, (A-em)™

i ] i I. i i L | i i i
0607 08 Q9 LO LI L2 13 14 IS 1.6 LT 18
PHOTON ENERGY, eV

Figure 2a. Photaconductivity spectral response curves at 295°K.
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Figure 2b. Variation of Hall mobility with exciting photon energy at 295°K,
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Figure 3a. Photoconductivity apectral respoase curves at 82°K.
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photoexcitation corresponding to extrinsic maximum, for the
photoconductivity curves of Figure Sa,
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Figure 6a. Temperature dependence of dark conductivity and extrinsic
photoconductivity, corresponding to excitation by 1,11 eV photons.,
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Figure 8a. Photoconductivity spectral response curves at 82°K for GaAs:O
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Figure 8b. Photo-Hall mobility vs. photon energy for GaAs:0 crystal at 82°K:
measured from high to low photon energies, reading after 3 min (o), .

and after 15 min

reading after 3 min (@), and after 15 min (M ).

(@ ); measured from low to high photon energies,
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after quenching with 1,08 eV photons for 1 hr at 82°K, measured
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V.  SCIENTIFIC ASPECTS OF GALLIUM ARSENIDE CRYSTAL PREPARATION
W. A. Tiller and Hyo~Sup Kim

A.  PROGRAM OBJECTIVES

- The objective of this investigation is to develop an understanding
of the important interfacial Parameters that govern the growth of GaAs

, crystals. The study includes both the structures and energies of the
solid-1iquid interface in the Ga-As system as a function of (i) the
concentration of the liquidus solution (at the liquidus temperature) and

(11) the orientation of the GaAs crystal.
B.- PROGRESS TO DATE AND PRESENT STATUS

Previously, methods and atomic potential functions have been evaluated
» -~ ape PP "N
o eee ceee o Jefemnine the structure and energetics of the solid-JIaMid LOteTAZe e <eenn
Recently, each step has been reexamined and the treatment refined to pro-
duce more satisfactory results. Thus far, atomic interaction energy

functions for the Ga-As system and the quasi-chemical term of the inter-

facial energy have been recalculated.

l. Ga-As System Atomic.Interaction Energy Functions

For the crystal, the energy functiong for the short-range interactions
have been determined by utilizing the parametric method with additional
high temperature data. This allows the energy functions to be effective
over the wide range of temperature of interest in this study. These
short-range energy functions are given in Fig. 1 along with the satig-
féctory long-range functions previously determined. For the liquid
solution, average energy functions, utilizing new data, have been deter-

mined as a function of solution concentration using the earlier method.
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These energy :un-~tions show a satisfying consistency over the temperature
range of our interest and have been tabulated in Table 1. Using the

' Berthelot rule, the energy functions for the s8olid-1iquid interaction

are presented in Table 2.

2. Quasi-Chemical Contribution

, Using these recalculated energy functions, the previously described

quasi-chemical interaction term has been calculated 10r various tempera-

e e L P, M 1 et = KRR

tures and liquid concentrations. The lattice summation method was used
in the evaluation of both the solid-solid and liquid-liquid interactions
whereas the layer summation method was used for the solid-liquid inter-

action.

The excess energies contribution by the partial and total liquid- h

‘v

liquid interactions are tabulated in Table 3 to show the relative magnitude

® TP VDI w S GCRD VP VR s D Wl PR, SN ROV D vl oF LW R PP GBI B S as Y. @

of thke energies associated with the lst, 2nd and total layer interaction.

r For the solid-solid interaction, the excess energies, E:. are plotted
as a function of temperature in Fig. 2. 1In addition, the quasi~chemical
contributions to the excess energy of formation, ng, of the unrelaxed
pPlanar interface are shown in Fig. 3. From Fig. 3, we can see that both
the anisotropic features and the temperature dependence are similar to
.E:. The broken line in the figure indicates an approximated Eg: for the

(100)/1iquid interface with atomic roughness such that polarity has

disappeared.
C. FUTURE WORK

The relaxation contributions will be considered to determine both

the alterations in interface structure and energetics. The effect of
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these characteristics on various interface kinetic phenomena will also

be considered.
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TABLE 1

Parameters for Interaction Energy Functions for the Liquid Solution

X,, ¢° o &7 © &) ra
(e.v./pair atoms) ﬂ
]
0.0 0.243082 0.988345 3.324193
0.1 0.198510 0.857391 3.503222 j
0.2 ©0.174017 0.780843 3.618023 ;
0.3 0.162120 0.741851 3.670777 E
0.4 0.154246 0.715509 3.692541 ‘%
0.5 0.155513 0.719720 3.656621 :jﬂ
0.6 0.164616 0.748866 3.576020 f
0.7 77T ToMeaxd T T 7T U.d0d0iT TC T ¥ashigy Tt :
0.8 0.213472 0.883055 3.332259
0.9 0.245415 0.952178 3.260614
1.0 0.265823 0.984998 3..90376
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Isble 3

Excess Energy Contributed by the Liquid-Liquid Interactions

X |
Liquidus K, ! B, Ly
X T(°K) (erg/cm) { (erg/cm) (erg/cm)
Y
0.025 1080 1701.9 { 631.3 2333.2
0.050 1154 1688.7 677.0 2365.7
0.100 1244 1642.7 747.2 2389.9
0.200 1365 1602.7 | 853.2 2455.9
0.300 1443 1590.3 919.7 2510.1
|
0.500 1511 1581.2 ! 938.2 ‘ 2519.3
« o T ® ® o s o o: s e ® o 0 - ® 0
{ 1
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Figure v-1.

Figure V-2,

Figure V-3,
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FIGURE CAPTIONS

Atomic interact.lon energy functions for the GaAs crystal.

The excess energies contributed by the solid-solid
interactions.

The quasi~chemical terms for the unrelaxed solid-1iquid
interface.
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Atomic interaction energy functions for the GaAs crystal.
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VI. VAPOR PHASE GROWTH OF GaN ELECTROLUMINESCENT DIODES

D. A. Stevenson and H. P. Maruska

A. PROGRAM OBJECTIVES

As mentioned in pgevioua reports, GaN and AAN have recently attracted
interest for their luminescent properties and piezoelectric properties,
respectively. The objective of this program was to study the influence
of growth parameters on the properties of these materials, with parti-
cular reference té their application to devices. Dﬁring the period
covered by this report, a structure was synthesized in GaN from which
violet light emitting diode devices were fabricated. Owing to the
novelty ard potential of such devices, a major effort is being devoted
to this topic.

Other workers have fabricated light emitting-diodes (LED's) from GaN

that emit green and blue light. The structure utilized is an i-n junc-

P v oW s YITME ST S BB T AL B Y . W o Ve AT E B P D T SED P

tion, where the n-layer is undoped (but contains more than 10'® electrons
cm_a, probably due to a native donor defect) and the i~layer (intrinsic
layer) is achieved by doping with Zn during growth. The Zn apﬁérently
forms a complex with the native donor, and then acts as a deep acceptor
level.

No device has yet been shown to be capable of produci@g uéeful'
electroluminescence in the high energy (violet) end of the visible spec-
trum, Since GaN has a band gap of 3.5 eV, one may presume that the in-
corporation of an acceptor at less than 0.5 eV above the valence band
would’pro@uce.light in this short wave-length region. In this quest for
such an acceptor, we have synthesized GaN with Mg doping additions. This
dopent does indeed produce insulating mnterials; which pave been syn-

thesized as a layer on undoped GaN to produce the basic structure for the

e

PR

violet 1ight emitting diodes.
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B. PROGRESS

Single crystal epitaxial GaN layers were grown by the open flow
vapor growth process previously described. Gallium is transported as its
gaseous monochloride and the nitrogen is introduced into the growth zone
in the form of ammonia. Substrates were held at a temperature of 925°C.
The apparatus was modified *o allow dopants to be introduced. This was
done by adding a quartz sidearm tube perpendicular to the main growth
tube, in the region of the center furnace zone, and just upstream of the
ammonia outlet. The sidearm was equipped with its own furnace. A graphite
crucible containing the proposed dopant in its elemental form is lowered
in the sidearm into the furnace region, where it either forms a vapor for
transport into the main tube, or else a chloride vapor is formed by pass-
ing HCl over the element. Doping is readily initiated or terminafed by

raising or lowering the crucible.

1. 2Zn Doping.

Several layers of Zn-doped GaN were grown on sapphive substrates. No
change in sample properties except color (which became gradiilly more
orange) was found with increasing crucible temperature until » critical
Zn vapor pressure was achieved, at which point the samples became high-
resistivity. This Zn vapor pressure was 10 Torr (the top of the crucible
was held at 600°C).

Point-contact diodes were made as follows: two wirés were positioned
on the surface of a sample, consisting of an i-layer on top of an n-layer,
with micromanipulators. A high voltage was then aprlied, causing a burning
through to the highly conducting n-layer. This resulted in ohmic contacts.

One contact was then repositioned, and about +80 volts applied to it.
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Rectifying characteristics were then obtained and green light character-

istic of Zn-doping in GaN could be seen.

2. Mg-Doping

Mg-doping was achieved by replacing the Zn in the crucible with Mg
and inserting it to the 720°C position in the furnace, where the Mg vapor
pressure is 10 Torr. These samples were light yellow ir color and highly
resistive. Point contacts fashioned as described above gave violet light,
which peaked at 2.92 eV with 160 volts applied. The light was just
visible in a well-1lit room if the viewer cast a shadow upon the sample
with his hand. As far as we are aware, this 1s the first report of elec-

trolumineacencé, visible to the eye, at tlils short wavelength.

3. Light-emitting-diodes in GaN:Mg

By varying some growth parameters and by developing a contacting
procedure, it was possible to obtain violet LED's which operated at low
voitages. After the growth of an undoped n-type region for 30 mins
(about 10u thick), the Mg crucible is lowered for 6 mins. Then it is
raised again, and the growtﬁ continued for 7 more minutes. The final
layer is not conducting, because the system apparently has a memory for
the dopaﬁt. However, the doping level is decreased toward the surface,
and this facilitates contacting. Without the terminal layer, it 1s not
possible to make a large area contact.

Contacts to the n and 1 regions are made with an indium amalgam
(90% In-10%2 Hg). This amalgam is a liquid at room temperature, and is
painted onto one edge to form an ohmic contact to the n region and onto
the face of the insulating fegion. The chip is then heated for 1 mia at

400°C to drive off the mercury, leaving solid indium contacts. The
% 57
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devices were then either glued to glass slides with glycol-phthalate
(sapphire to glass) or mounted on TO-15 transistor headers (sapphire up,
see Fig. 1). hight-is'emitted from the area under the contact to the
i-region, which can be as large as 2mm x 2mm.

Electroluminescence was obtained both with "forward" (i-layer biased
positive) and "reverse" bias, although the forward bias luminescence was
more efficient. In the forward direction, substantial conduction began
at about 10 volts, and violet light, readily seen in a well-lit room, was
obtained at 20 volts. Under reverse bias, conduction occurred in the
40-60 volt range and produced green light. Emission under forward bias
electroluminescence peaked in the region of 2.86 to 2,98 eV in various
samples. The spectral wid:ﬁ at half-maximum is about 400 meV. A typical
spectrum is shown in Fig. 2; The peak has been found to shift to shorter
wavelengths with increasing current until a saturation value is reached.
An example of this effect ié shown in Fig. 3. The light output increases
superlinearly with current but linearly with power input. In reverse
bias, a broad peak centered at 2.5 eV and about 750 meV wide at half
maximum is oﬁtained. This is shown in Fig. 4. We do not as yet under-
stand the shift in emission wavelength from forward to reverse bias.

The I-V characteristic of a typical device is displayed in Fig. 5a.
The current drawn by a particular sample is dependent on the contact area,
but since the emitted light shows & very nonuniform pattern, it is not
possible to ascertain. the current density. A log-log plot of the current-
voltage characteristics is shown in Fig. Sb. With forward bias, I is
proportional to V3 in the region 10 < V < 30 where the violet light is
emitted. A steeper dependence is found at smaller voltages. At é glven

voltage the reverse current is about two order of magnitude smaller.
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The power efficiency increases with increased forward bias up to
15 V, beyond which it is mearly constant at a value of 10-5. The reverse
bias efficiency is an order of magnitude lower (see Fig. 6). The diodes
operate continuously at room temperature.

Photoluminescence of Mg-doped GaN was excited with a He-Cd laser
which emits at 3250;, and the resulting spectrum was found to peak at
2.925 eV at 77°K (Fig. 7). This indicates that the Mg complex forms a
level about 0.5 eV above the valence band in GaN. It has been suggested
by workers at Bell Telephone Labs that Zn first forms a shallow acceptor
level when present in small quantities and with increased doping results
in a deep Zn-donor complex, which compensates the native donors present
and is reaponéible then for the resistivity increase and sample color
changes which are.observed. It is reasonable to assume that the same
process holds for Mg doping. Although the photoluminescent results were
obtained at 77°K, one may expect that there will be no shift in this
spectrum in going to room tewperature. Thus the forward bias electro-
luminescence at 300°K corresponds well to the photoluminescent data,
and the same level is apparently involved.

“ The foregoing results show that it is possible to obtain electro-
luminescence in Mg-doped GaN diodes which require about 20 volts for
operation and which can emit at shorter wavelengths than Zn-doped GaN
diodes. A power efficiency similar to that found in the Zn-doped blue-
emitting diodes is found, and the luminescence is readily seen in a well-
1lit room, in spite of the eye's decreased sensitivity in the violet region
of the spectrum. The I « V3 characteristic is suggestive of space charge

limited current in the presence of an exponential distribution of the
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traps, An exponential distribution of traps is consistent with the

shift of the light emigsion peak to shorter wavelengths with increased

input current. Assuming that the traps are being emptied by field emis-

sion, then levels nearer the valence band (which will have a greater
density) will be emptied at higher applied fields. However, a maximum
in the distribution of traps must be aisumed to explain the saturation

vhen the traps of maximun density are being emptied.

4. Ion Implantation

There are no successful reports in the literature of difful;on in
GaN. Conventional techniques, such as heating a sample in Zn vapor,
have not yielded any r;lulta. It has been possible recently to assist
diffusion by bowbarding a mntctiil with protons. This method has met

with succass in §1 and Ge. An undoped wafer of GaN was coated with a

[
500A layer of Zn, and masked over with Si3N4 to prevent evaporation. The

sanple was then boubardoa:for 5 hours with a proton current of 1uA, while

heated to a temperature of 600°C. The 813N4 an& residual Zn were then

removed in HF, The sample surface now proved to be highly resistive and

lightly oxange colored. It had been held in place during the diffusion
with a tungsten c{;p, and theluhndow of the-;lip was plainly visible.
The region masked by the tungsten maintained its normal low resistance.

Several indiuq contacts were made to this sample. They chowed
tectifiéntion. and visible yellow-green light was emitted from ome of
these contact;. Hﬁqcvet. 1t burned out before the sﬁecttum cquid be
measured,

An electron ﬁicroptobe analysis failed to show the presence of Zn

19

in the sample.. However, about 3x10™° Zn atoms c:m-3 would have had to
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have been presaat for their presence to have been above the dstection

1limit, so the results are inconclusive.
C. PLANS TOR FUTURE WORK

Work is continuing in an effort to elucidats the um responsi-
ble te the slectroluminescence in the GaN:Mg diodes. This includes studies

' of the wafer surfaces vttﬁ the scanning electron microscope amd the bulk

of the crystals with tﬁo tranemission electron microscope. Variastions
in gyewth times and tempervetures and in &opant concentrations ere also

'ln:lu studied in ovder to maximise light output efficiencies. Also, the

effect of swbstrete orientetion is under study.




Figure VI-1.
Figure VI-2,

Figure VI-3.

Figure VI-4.
Figure VI-~Sa.
Figure VI-5b.
Figure VI-6.

Figure VI-7.
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FIGURE CAPTIONS

Schematic diagram of the GaN:Mg electroluminescent diode.
Electroluminescent spectrum with forward bias.

Shift of forward-bias electroluminescence peak with
input current.

Electroluminescent siectrum with reverse bias.
Typical I~V characteristic.

Log-log plot of current-voltage characteristic.
Power efficiency.

Photoluminescence spectrum at 77°K.
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Figure VI-l. Schematic diagram of the GaN:Mg electroluminescent diode.
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Figure VI-5a.

+80 volts :
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Typical I-V characteristic.
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Figure Vi-6. Power efficiency.
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