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Hea.v*ly doped n-type s*ngle crystals. of GaN were grown epitaxially

by-’the. va—por phase rea,ctmn-r “GaCl-and NH3 ‘on sapph1re substrates GaN

isa direct gap semiconduct.r with a bandgap of 3.25 eV, It flﬁoregces efficiently

in the visible as well as the UV, However, attempts to prepare p-type material

' for p-n junctions were imsu\:éessfuiAdue to the large densities of native donor
defects, - & ’ : ‘~
| Single crystals -of A1P were prepared by the disProportiSnation of gaseous
AlX in the presencé of PH3 either as freely nucleated whiskers or epitaxizally
on GaAs or Si substrates. The crystals are not as unstable as expected ina
humid ambient, Controlled doping, photoluminescence and p-n junction
rnéasurements remain to be completed.

Attempts to determine the mechanisms of the efficient Cu green luminescesce
in-ZnS and the mechanism. responsible for room temperature lasing in CdS were
unsuccessful, Instead, the sffect of the native S donor vacancy in CdS on

‘ luifr;inescence of bound excitons and donor-acceptors has been determined.
In oxdex to d¢sign semiconductor alloy systems tc achieve high efficiency

luminaecence in the visible, we have observed the effects of alloying small

amounts of InP and AlP with GaP on the luminescence of GaP, The GaP spectral
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lines observed in photolurninescence: at 4, ZOK‘,on,-sdlufion.growi;, crystals of
“In fc:a i xP due to excitons bound to S'and'N,. and donor-acceptor pair lines
a‘.a%sociafjé&ﬁvithvc_fs_« pairs, shift, broaden and become-weaker as :;*itic;'easeé

from 0-to 3%.. At 25°K the ‘S.bousid exciton splits with increasing In doping.

Py

;A;f;tempts tgwoi)serve- sharp-line donor-acceéptor pair photoluminescence.
in ‘Si doped with B and P were unsucc¢essful, Samples diffused with Li and Au
-exhibited .Rl;gtgl.gningscence which depended on the ,‘pz"es\ence‘ ofboth., Itis ;
our hypothesis that Li and Au pair to form an isoeléctronic trap. We are also
seeking: the exact méchanism responsible for a series of evenly-spaced sharp

lines which occur on the low-energy side-of bound-exciton emission lines,

PR
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1. Ciystal Growth and. Electrical aind Optical Properties of GaN Single Crystals"

Abstract
~ We have been able to grow GaN- epitaxially from; the vapor phase by halide.
fraﬁsport. The as-grown crystals were always heavily doped n-type.. Optical

~ measurements show ‘GaNd to have-a 3.25 eV gap at room temperature

“Ci'ysta‘:} erwth

»'W~é, have tried several methods to grow Ga.i\] single»cry‘stals. The most
successful oné has been an open-tube vapor phase growth technique, in which
Ga, :g:ranspprted to the. depoéi.tioﬁ zone as a gaseous halide, reacts with NHS to
form GaN epitaxially-on a ‘sapphire substraté. We have obtained'large, transpavent
single crystals of GaN by this method. Several substrates have bec;,n tried and
we ha.veAfoux-ld that sapphire is the most successful one. However, GaN grown on
itself has been showii to be better than GaN grown on sapphire. Growth rates
ranged from 1-40u/hr, depending on temperature, substrate and substrate
orientation and substrate position relative to the NH3 source. We have found:

that the best films grown were those closer to the NH, source.

3

Structure and Properties

Debye-Scherrer and back-reflection Laue x-ray diffraction patterns
i confirmed our identification of GaN with a = 3,182 £, and c= 5.1717 £. We have
A
found that -{'—: 11% and —A—::— = 4% for a 30, Opthick layer while the strain was
Aa Ac . . .
reduced to = = 0, 8% and = 2% fcr a 100u thick layer, i,e, the strain
decreases with growing thicker layers of GaN, This strain is believed due to

the lattice mismatch between sapphire and GaN,

5
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~Electri¢al-and Optical Properties

-

'Il{e as-grown-crystals were always heavily-doped:n-type- with room
fe;n_p%rafu::e mobilities between 15 a'ndiZOAszl'V ..sec, ‘and-carrier qohce’htrationé
between: 2 X io?’o'aans X 1020‘,cm73;, The carrier density was independent of
tae growtﬁ‘terr}peratqi‘e; (750-1 0500{_3) and orientation but did.show a decrease
' of.about ;_fgggtor of 5 with increasing layer thickness (2-100p) .. Chemical
-analyses indicated no.irripu,rity in the 102°cm“3 range. Therefore, we have
c;}oncluded thatthe high égnor concentration is due to native defects such as:
nitrogen vdcancies or'Ga interstitials or a complicated complex. It has been
noted'that this defe -t decreases as the crystal strain is decreased as the layers
are _grm;ﬁ thicker. . 3

From gptical measurements we concluded that GaN has a direct bandgap
.close to 3,5 eV at rooin temperature and-has.an optical electron effective mass
of 0,27 m . We have measured .60th reflectivity and absorption from 0, 27'to
30 ypand photoluminescence spectra. We note that photoluminescence efficiencies
were much lower near the substrate interface than from the front face of thick
layers,

We were not able to convert the conductivity type from n-type to p-type

’ for getting a p-n junction,

I, Growth and Characterization of AlP for LED Applications

Introduction AlP crystals are to be prepared in pure and doped form for evaluation as
a possible malcrial for LED applications in the blue region of the spectrum, The

crystals are to be grown epitaxially by open tube halide transport and doped both

b
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~during gf‘owﬁh,fax;&bfr di\ffu,sibx}i with.expected.shallow donors, shallowacceptors.

and radiative «rec_omjjbiﬁaﬁag;cgntg_rs. “The sample& will be evalnated by Hall
and resistivity mea_;sui;e‘méni:.s_,i \S}chottky barrier properties; optical absorption
\é.zid‘phot’oiuininesc'éx;g:e.‘ P,.-n; junctions will'then be fabricated and their elect¥ical
ag‘d«:iu;nin:’escen!: propertiés measured; ~emphasiziug:6ptima1“ distribution and
quantum efficiency with a view toward optimizing visible light emissions.

AlPcrystals are currently being grown in ‘amalf-alumina« open-tube type
reaction tube. Gaseous a)lumi\num jodide is introduced upstream in the reaction
zone by passing HI gas over molten Al metal and transported dt.)wn the reaction
tube to the deposition zone where PH3 gas is introduced., The resultant mixture
and reaction deposits AlP i’n the form of whiskérs on the walls of the tube and:
epitaxial filrns on strategically placed substrates.

So far, the best results have been obtained with a temperature profile
of approximately 1150°C and 1050°C in the reaction and deposition zones
respectively; and with-input flow rates of approximately lOOOcm3 /min, of ‘1%«HI:H2
mixture and 25 cm3 /min. of an 8% PH?‘:H2 mixture.

Whiskers thus obtained were of size ~lmm X2 cm, triangular in cross
section'and bluish-green to dark brown in transmitted light, Epitaxial films of
~ 50y thickness on high resistivity <111>S5i substitutes revealed a good degree
of crystalline perfection under the microscop;a and looked greyish-brown in
reflected light,

The AlP crystals react with the moisture in the air to form Al O, and

273

gaseous PH, over a period of half day to 2 days for the epitaxial films and the

3

whiskers respectively., The A1203 is in the form of a white powder which, in

g .
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.



= - - . =

%

‘the-caseé of the ep1ta.x1a1 films,. ﬂakes off- the substrate. The cryséa;léi;—iwe
been kept from der'omposﬁ:mn by pla.cmg them ina. box:ﬁlled with dry N

,' ‘ Xv-ray“phgt‘ographs of powdéered.AlP in.a Debye=-Scherrer type camera
cpnfir‘m;ﬁ thatthe AP crystals have the zinc-blende structure and-a lattice.
constant of 5. 45 A. Méasurements on.the AlP epitawial films with-a four-point
’fééistivé probe indicated the films ,t.o be n-type with.iﬁgh impurity content

{10 1"1:0 102% cm

-3 free carriers). Preliminary optical.absorption measurements
‘on the Al1P whiskers indicated the band edge to 'be in-the green region of the
spectrum-with an impurity tail pushing into the yellow region of the spectrum

s and that AlP'has an indirect b:andgap.

Expei:ir‘,hents in the near fr'-ire will be focussed on the choice of

suitable substratés and optimization of growth paraineters. )

11, Luminéscence from ZnS and CdS

‘The highly efficient green.emission in Cu-activated ZnS phosphorous has

been studied for years but no-mechanism has been generally accepted, The
5 most likely mechanism is donor-acceptor recombination and a definitive

38 experiment would be observation of t?le characteristic sharp line spectrum, We.
’ attempted to.observe this spectrun'.x by saturating the transition using ultraviolet
light, We focussed light from a molecular nitrogen pulsed laser on samples of
doped ZnS immersed in liquid helium, The luminescence was. observed usiag,

~ both a spectrograph { 2 X /mmm dispersion) and a spectrometer-photomultiplier -

-

boxcar integrator system. Bharp lines were not observed and the experiment was

abandoned,
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this native donor could be predicted. Kua:ir and Kroger

Room terhperature photcexcited GdS lasers have been investigated in

B

an-attempt to.deduce:the mechanisms and tjpe of mode confinement responsisle

for-the laser-action. 'Small rectangular prisms weie cleaved from:thin plgﬁelééS«

of pure matetrialiand excited ith the focussed-ultraviclet radiatios, frofa-a pulsed _

niﬁrogéill-léser.‘ Laser égti!;n’ Was='aéhieve’&-, but the threshold power did:fiot vary:
With'the excited length of the cavity in an expected-manner. Viriable temperature
sp;ctfé,.agdithreshold experiments were begun byus, but a recent paper ‘by others.
reported that thé Fesults of such experiments failed to define the laser mechaniem.
Wé have abandoned:this approach.

It.has long been";e,uspected that native .defécts play a large pa‘ri: in the
i)hqtoluminescent propertie: s c;f CdS, Spectra depended more -on crystal ‘grow;:h
and prepanation’'than on doping, but results were difficult to interpret because
the concentration of native defects could not be measured nor could it be
ca.lriﬁl’atedt, given the preparation conditions. The defect chemistry of CdS

1

has recently been put on a more quantitative basis, Hershman and Kroger

(1)
performed Hall éffect and resistivity-measurements on CdS crystals in eéuilibrium

with known pa-_tial pressures of Cd vapor at high temperature., The carrier

. 3
concentration varied as PI/

'~ at temperatures above 700°C, and this was interpreted

in terms of a doubly ionized native donor, The equilibrium constant was

evaluated so that for a given.temperature and Ca ¢.essure the concentration of

(2,3) then confirmed:

that che donor was a sulfur vacancy, V'S' ,» and determined the relevant ¢ ffugion

coefficient,
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N e-.a,tt‘empﬁédtqré‘lai;e photoluminescent spectra to the concentration

,_‘o‘f sulfur V,_,é.é‘ancie‘:s, in.CdS; A first.experiment 'ﬁasllbeeii°~c_§?iﬁplétqd'.. Four
~s:a,mp1¢§, Eutilf;j.om the, saimé boule, were annealed:at high‘témperature and

cadmium preéssure,. a,nd:; rapidly qienched. Photoluminescerce was excited:

usinga Hg arc, ‘with the samplé , immersed in liquid He at 1, 6°K. Spectra were,

recorded.on photographic ‘,pla'{:'es“"uSing;c‘t spectrograph-with 2 Xf/mmﬂ&iéperéio/g;
I'Lowf tempera‘é:ﬁre -pi;otoiufni’ﬁqsgenc,é was very bright-even after this
drastic treatment. On¢ Sample was angle-lapped and its luminescence was
uniform with depth, ‘ghowing that the quénéhiﬁg was indeed quick-enough. Two
\of?tile, annealed samples were then re-annealed at low .temperature and one of
them‘f‘wa.s a,nnealgd'a. third' time at high'temperature, Photoluminescence
was drastically different between high ([Vs] =2.7 X 1017ctn:-3)~and low
*([VS] =],2 X 1()16cm73) température anneals but was reversible. {i.e.,
single-annealed and triple-annealed samples were similar), Many, though not
all, »f the observed lines have been identified from the literature and a-series
of experiments has been begun in which the vacancy concentration is

~.systematically varied.

1. G.H. Hershman and F. A, Kroger, J. Solid State Chem, 2, 483
(1970).

2. V. Kum~r and F. A, Kroger, J. Solid State Chem, 3, 387 (1971).

3. V. Kumar and F. A, Kroger, J. Solid State Chem. 3, 406 (1971).
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‘isogéléctroniz substitution of indium in the GaP'lattice. Some preliminary work

P oW . ,
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) ;IV Lummescence from Ga In P and Ga-. Al P Alloys

1_ —.yw-r—.-—-—-——--- _ X =

We have been studvmg the photolummescence of Gal aIn P as a function

of % in.order to-understand:the changes.in lumingécence ¢p.r<'>'pe.rti¢§ ¢aused by the

4

‘has-beenicorpleted on-the related.alloy Ga, xAri«x“R

The alloy ctystals:are grownina \gﬂa{.lli‘u”m plus.indium ‘melt. at temperatures

2

up to 12009¢, using .quartz ampoules as containers., The crystals grow as.

‘platelets with.(111) major faces, Because of the 8% difference in lattice

cqns‘tanﬁ between GaP and InP, it would be expected that the resulting stresses
~\‘wou1'd: show- up as lattice imperfections which shouid increase to a maximum 'in
the middle. range of alloy qoncent;'ation. Consistent with this, we have observed
an increase in.etch pits on the gallium surface of the alloy platelets as the indium
cpnc‘e‘nt(ration is increased, starting from the GaP rich side., At about 20% indium,
platelets no longer grow and-only amorphous c}‘mnks 'of alloy can be produced from
‘solution growth,

In photoluminescence, the relative luminescence integrated over wave-
length drops by a factor of ten which 1% indium is added to GaP, and the sharp

edge emission lines of GaP broaden and finally merge into one broad band at

>

about 7% indium,

By ‘coni;rast t}_xg LPE alloy crystals reported in the literature L6 do-not
exhibit any luminescent efficiency changes, except at the cross-over betweer;
indirect gap and direct gap behavior for the alloy, This is presumably the result

of the fact that a thin epitaxial layer will have a very small alloy concentration

/
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gradient, and-can more -easily relax the strains built up-as a-conséquercy of

the grpﬁthscc;)tiditi?iig --a§-compared to theé ?éi@?ivélly larger solution growa ‘
platelets. = . B 3 - . | S
- The fact that.edge: emission lines are not tesolvable with fnore than a few.

. . . . | ) !
per cent-indium in Ga,‘l XID.XP alloys grown from solution limits our ability to.detect
i- ) . Ty -

: g A . . e e . R . 2 -
- shifts in photoluminescent lines due to indium composition; however, the-éase
’l - . -

! . ) \
-of. solution ‘gi'o‘i‘/th:eﬁab_lg‘gs us- tor suirvéy a range of dopants in Ga xInxP with the |
) 1-

lA

goal ﬁf- finding reference phdtoluminescence emission lines to use to measure the.
various effects of alloy concentration on lumingéscence properties,

-Our spectral data.we‘re recorded on spectrographic plg.tes using a Bau§éh

\ and Lomb Z‘meter' spectrogzaph equipped with a 600 lines/mm and 120G/ mm grating.

'Ih?»aliqys were i-m;‘ne rsed:in 'liqqiti\helium~or placed in a flow of helium vapor
. . _ : .

and excited vith a 200 watt mercury 1a.mp!. \ .

In our as- ’frown alloy platelets, edge~«e1’niséionz due to bound ex'c}:iténs on !
g \ . , :
}
nitrogén and sulp}'iur, plus donor-accéptor pair lines due. to sulphii)"-ca,'rbon
. ' | !
\ and zinc-sulphur pairs have been observed in alloys withup to 3% indium. In this

range the edge \emis sion have varied with indium in an approximately linear

Y

RS -TEY ‘_. oy L e
Nt e it ol . ™~ e i, N
« NS MR N "

fash'«i’on consistent with the reported variation of the indir%ct gap with incllium

¥

N
e

e,
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doping. 3
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o e

The donor-acceptor pair lines, which c\-,ould‘@bg re5olved only at low

ameman—
-

G E \ ] } "
. ’.{ In dopings for the as-grown platelets at 4.129K, have been observed for &lightly
) higher 1n levels in-éxperiments at 25°K where the nitrogen excitor, becomes .
\ ,

2 &

14 44 " v
N it M
« -

icnized and camiot p.roduce light, resulting in an'enhancement of the pair spectral
] v ' .
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\ li.ngs; Eﬁit‘a.}éiall‘y&gz%iv;i’allbys’ 21s6 show better résolved lines for a given

!

doping level. This is probably a resultjof the higher alloy homogeneity and

lower stfain expected for epitaxial growth.. ) .

po—"Y 4

“The \.§ul£u£ béund-exciton, which is still observable at 25°K, is split
into two:levels which.diverge for higher In dopings. This-effect is attributed- -

‘to-a uniaxial $train generated by In in the GaP lattice. A uniaxial strain could

v

1
b

" be pi‘éanéed bya gradient in the 1n doping level, or by a pairing effect between !
. ' ’ .- -

An-and"S with a strain generated along the axis of the pair. i .
; / l . \
Al P have been grown from solution. in nitreous catbon:

Crystals i:>£“-('ja,1 iy

boats, The luminescence spectra of thesevcrystalal shows only the broad for

pair band of the doﬁor‘-a‘ccept‘or spectruri, .Growth.of crystals with lower
. !

Al content and more of the characteristic GaP spéctra is in progress.

'\
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V. Radiative Recombination in Silicon

_ pair recombination spectra. in phétoluminescence, ' ~ was unsuccessful and the

e e o MR S -
i
i
i
;

Since Si‘is ¢ well @nderstood semicorduétor, ‘with the -energy leveis and

D - N . i .- ege ) 1,2 - g . 3 . _e=
capture cross sections of many impurities known, ’ " radiative recombinatior pro-

c‘es;s:es should be more easily interpretable in it tha.g in those semiconductors K
not:as wéll.charactérized. Because it was our belief that a study Of the photo-
liminescence of Si could yield knowledge applicable to the radiative proéesses
in the less understodii'—.se@condqcfors, this work was undertaken.

Our original experiment, which was to observe sharp-line dofior-acceptor

project was discontinued. Work was begun to introduce: isoelectronic traps
chemically by trying to form nearest-neighbor pairs of Li-Au and Li-In;
Initial experiments have revealed a new Juminescence band which seems to
:depend on the presence of both 1.i and Au. Preliminary samples doped with
LiandIn show no evidence of an isoelectronic trap. We have observed sherp
lines occuring at low températures (< IOOK) and on the low energy side of

emission lines due to bound excitons at neutrzl donors and acceptors.

Experimental

The near-band gap Si luminescence at low temperatures is usually due
to decay of free or bound excitons. These mechanisms are very inefficient,
therefore great care must be taken in assembling the apparatus for taking high
resolution spectra, > We describe in this section our experimental methods.

Photoluminescence is excited by a 200W mercury arc filtered to remove

infrared energy by a CuSO 4 solution and Corning 1-69 filters. The recombination




- z.-at;ia‘::z, = is-chopped, fitered to remove short wavelengths (<0.95:2) 2nd focussed
coio the :é"?:z:aace s1it of zn £/8 Perkin-Elmer E-1 scanning spectrometer which
has a dispersion of 34 glm The detected sigpal is amplified by phase-sénsifive
technigues-asing 2 ¥ick-in amplifier. ¥n our-early work z2n InAs phofodicde cdoled

77 K was uvsed 2s a.delecior. Recenfly we have é«.s’o"ered that 2 cooled
{~200°K) RCA 7162 {S-1 photoresponse) photomultiplier improved our detectivity
by 2 factor of 2pproximately 50 for pear bandgap lumirescence (1.0-1.2 e¥). This
enables us fo take spectre routinely a2t 2 resolufion of 0.3 meV, a2n improvement
of a factor of six over specira previously repezted. For lower phofon energies
(0.5-1. 0 eV) the TnAs dztector must still be used.

To minimize pon-radiative surface recombipation, 5 the S must be
scrupulously cle2ned and etched immediztely prior fo takirng data. The procedure
consisis of soaking in hot irichlorcethylene, then hof methyl aicohol, rinsing
with deionized water, soaking in bot I—H\O then hot H SO and fipally hot NHO

2 3

again. The samples are briefly etched in 2 solution of WNHO_ a2nd HF (5:3 by

3
volume, in their usual concentrated strenghs)s, quenched witb:: deionized water,
rinsed with HF and then deionized water, steameds for 5 min,, dried and immersed
in liquid helium.
Results

Broad bands attributed to recombination at distant donor-acceptor pairs
have been previously observed for a number of donors and acceptors. 3,4 We grew
by the float zone method a crystal of B- and P-doped Si with concentrations
ranging from N ~Ngv2 X 101"5<:m'3 to N1 X 10 em™3 ana N2 X 10%em™3,

No sharp lines were observed and in retrospect our choice of B and P was wrong

since the states associated with these impurities are strongly coupled with

/5~




p&aozsanss which broaden the sharp lines., 7This project was discorfirved and

2 sezxch begue for iscelecironic Eraps whick mighi be confrolzble, effcient
raéizfive recombira® on cerfers.

Foth N7 and nearest-neighbor peirs of Zn ard Os"lgave»been shewr fo be
efcient recombinafion cenfers in G2P, éze o the abserce of 2.competfing non-
rediaiive auger process. ? By anzlogy with the Z»-O cerfer, we chose fo
investigafe fhe Li-In 2nd Ld-Au pearest neighbor pairs 2s possible isoeleciroxic
treps. Ap ipitizl feasabilily experiment, ir which An wes diffused info Si
wafers 2t high temperatures 2nd Li 2t iow, bes shown 2 new emission bend with
2 skarp pezk 2t 0. 765 eV a2nd 2n assccizfed lower enexgy broad bard. This
spectrum is observed only when both L: ard Aun are present, 2nd resembles
that of the Bi isoelecironic trzp in CaP. 10 WWork is ir progress o characterize
forther'the nature of the cenfer. Crysizls of Si doped with In were grown by the
float zone method, and subseguertly diffused with Li. Nc new luminescence
was observed.

An experiment to define the photoleminescence associated with 1.1 has
revealed a series of sharp, evenly-spaced lizes which appear to be associated
with bound -zxciton emission at neutrai Li and whick begin about 2 meV below the
bound-excitcr line. The lower energy lines only appear at temperatures below
EOOK, while the bound exciton emissicn remzins for temperatures at least
up fo 30°K. e have observed similar lines 2sscciated with B and P, and believe
we are seeing luminescence which has been attributed to the formation of electron-
hole condensate drops. 1 Ve are continuing this research since the exact

recombination mechanism remains t¢c be established.
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