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- system should be completely operational within 4 months. A second
r ccor~ t~

(S -chemical vapor deposition apparatus designed to grow SqØ~ rystais on
R-plane sapphire at l050 ’~

’
I~ now working and uniform crystals are being

grown routinely. Due to non-planar nucleation and growth , these crystals
exhibit decorated low angle grain boundaries , some of which crack by

differential thermal contraction during cool-down , and stacking faults
and random small-scale precipitation in regions paralleling the linear
surface topology. Light scattering from these regions colors the bulk
samples. Slow growth rates eliminate the precipitated regions and tend
to reduce the number of low angle boundaries and associated crack s.

~owever , planar growth, which proceeds very c~ .~ on (1010) sapphir e or
)n self-nucleated whiskers eliminated virtu ,. ‘1 these defects. These
vapor grown crysta ls have been characterized by low tenperature bo~~d
sxciton spectra, revealing the presence of at least two shallow don~~ s

(30-40 meV) , two “shallow” acceptors (200-300 zneV) and one much deepe

icceptor. Attenpts are under way to identify the chemical nature of

these centers.
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INT~~ DUCTION

Gallium nitride is predicted to be a good candidate for active micro-

wave devices based on transit-time limited drift of electrons and holes

produced by pair production at high fields. The high direct bandgap , the

low electron effective mass and the small mass of nitrogen in GaN predict

a figure of merit for GaN as a microwave power amplifier (breakdown

voltage squared times electron saturated drift velocity) that is at

least a factor of 20 greater than that for Si.

bst of the previous work on GaN has been ultimately aimed at

producing electroluminescent devices for the visible and near ultra-

violet, but our goals have been to prepare appropriate materials from

which structures can be made to measure the high field saturated drift

velocity and the pair production threshold, as well as to delineate the

physics, chemistry, metallurgy and device technology that would be needed

to use GaN as a semiconductor .

There are three basic problems, probably not unrelated, which set

GiN apart as an unusually difficult semiconductor to work with. First,

th. true 3-phase maximum melting point is about 2 ,000°C under an equi-

libria N2 pressure of perhaps 40,000 atm. Second , no low resistivity p-

type material has ever been conclusively dssonstrated. Third, the purest

material is degenerate n-type at room temperature, with a carrier con-

centration of 1—5 x io18ca~~ . This donor level may , however, be

compensated with acceptors to yield high rssistivity material, but of

low .Iactron sobility. S.miconductors can normally be grown at t.mperatures

as low as 30% below the asiting point .ithsr from solution (liquid

phase spitaxy) or from a gas phase (chemical vapor deposition) . Bslow this



acceptable rates. At this limit for GiN , 1200°C, th. equilibrium N2
pressure, 3, 000 atm. is already much too great to allow crystal growth in

any normal type of apparatus. These high numbers are basically due to

the great stability of the N2 molecule . To avoid this problem GiN can

be prepared from an “activated” source of nitrogen, ei ther from a low

I pressure electric discharge in N2 or by the use of NH 3. The activated

species in the discharge are either N atoms or , more likely, excited states

of N2 molecules. To avoid de-excitation of these species before their

impingement on a growing GaN surface, the mean free paths must be long.

This requires low pressures and hence leads to very slow growth rates.

The use of NH 3 as the active species is based on two facts. First, at
I

about 1000°C, because of the high strength of the N-N bond , N2 is much

more stable than NH 3; starting from pure NH 3 only -10 torr of NH 3 should

Co-exist in equilibrium with about 1,000 atm of N2 and H2 . However, the

kinetics for the homogeneous dissociation of NH3 into N2 and H2 are very

slow below 1100°. Hence small pressures of NH 3 can be used up to about

llOO in place of the corresponding large pressures of N2 required, about

600 atm at 1100° . Slow CVD growth is then possible by reacting NH3 with

a vapor containing Ga, either as a halide or an organo-metal species . This

leads to a non-equilibrium growth rate. For GaX as the Ga containing

molecule, the forward reaction is GaX + NH
3 ~ GiN + . .., whereas the

back reaction is not the reverse of this , but rather the decomposition to

12 9 Gal • Ga + 12. Hence growth or decomposition is determined by a

kinetic bilance between these two reactions, and a zero-growth rate does

not correspond to any single equilibrium reaction. We suspect that the

third basic problem noted above is a direct consequence of this conclusion .

As discussed below, we are 1.4 to believe that th• very high donor density

characteristic of crystals grown from 103 is due to a native defect,



- 
probably a N vacancy , rather than to any chemical impurities. For true

equilibration with a 12 ambient, its concentration would depend on the

12 pressure as well as the temperature . Howeve r , for growth via NH 3 , the

12 pressure is virtually zero , predicting a maximal concentration of N

vacancie s fro m that equil ibrium . Since the NH 3 reaction is not an equi-

librium one , it is difficult to predict how high a vacancy density should

be expected from that reaction.

A.lthough compensation can decrease the free electron concentration ,

it does so at the expense of mobility. If we are to make definitive

saturated drift velocity and pair production measurements we must lower

the carrie r density about a factor of 10 below current NH3 grown material

while maintaining the high mobility (100-150 cm2V 1sec 1) .  Furthermore,

if Gal is ever to become a “normal ” semiconductor material , we would

have to learn to prepare even purer material.

The primary goal of our last two proposal s the re fore , has been the

growth and equilibration of Gal under equilibri um N2 pressure s at temper-

ature s up to about 80% of the expected true melting point , to measure the

intrinsic defect density as a function of temperature and 12 pressure ,

as well as to alleviate various other growth defects to be discussed below.

This report will also show that th• s.cond basic problem mentioned,

th. present unattainability of low resistivity p-type material is due to

the fact that the ionization energies for the simple expected acceptors

in Gal app.ar to be too deep (0.20 iv) to exhibit significant ionization

at room temperature .

This annual report will first briefly s~~,rt~rj .ze our work over the

previous two years, then discuss this year ’ s prog ress on the high-

temperatu re , high pressure syst.m, a defect analysis of our N03-GaC1 CVD

crystals grown on R-p].ane sapphire and donor and acceptor characterization from

—4—



low temperature luminescence.

SUMMPIRY OF PAST PRDGRESS

Good single crystal growth of GiN at 1050°C by the vapor phase

reaction of 1113 and Gad (from HCI. and liquid Ga) was demonstrated on

Sapphire substrates by optimizing temperature , flow rates , growth chamber

geometry and substrate orientation and surface preparation . R-pl ane

(1012) sapphire yielded the most consistent results with basal plane

(0001) sapphire not much worse. Using chemically etched sapphire (hot

113 P04
) a two-stage growth was necessary: a slow < 30k/hr nucleating

growth step followed by a more rapid l00~i/hr growth rate . We showed that

the first slow growth step could be eliminated by pre-annealing the

sapphire in 112 at 1200—1300° just before growth. Thin as-grown layers

(lOp) exhibite d n-type carrier densities as high as L020cm 3 whereas

thicker layers (50p ) had lower densitie s , S x 1019cin 3. Hence we decided

to attempt to grow fairly thick samples for this reason as well as to

simplify sample removal from the substrate . By re -optimiz ing flow

rate s and growth chamber geometry, we learned to grow 1 x 2 cm samples

uniformly 2-3me thick routine ly (and some thicker than b urnt) . However ,

th. carrier density remained at 5 x 1019cm ’3. ~~emica1 analyse s , doping

experiments and optical absorption showed only three impurities present

in this concentration , Si , 0 and H. Of these , only Si was shown to be a

shallow donor. Hence the Si was removed by using highe r grade starting

gases and particularly, by using an alumina liner in the growth system

to prevent any reaction between the HC 1 and the fused silica envelope.

As a re sult , the measured Si concentration fell to less than 2 *

but the electron density dropped only to 3-5 x l018cm 3. Further purification

had no effect. CVD growth from trimethyl-Ga and 1113 yielded similarly

—5—



doped crystals. Hence we concluded that the dominant shallow donor was

flow a native de fect, possibly a N vacan cy .

We set up a system to me asure the high field saturated drift velocity

by the Ryde r pulsed method and showed that our best samples were not good

enough for measure ments at the high fields necessary . Fi rst , to avoid

17 —3thermal effe cts , we require samples with carrier densities of -10 cm

more than a fac tor of 10 lower than our as-grown crystals without lowering

the mobility alre ady available (> lOO an2V 1sec 1) .  Second , the samples

exhibit ed both bulk and surface breakdown at fields only slightly

greater than lO 3
V/cm. We tried compensation with acceptors , e.g. Li,

which can be diffused under 1113 at temperat ures below the dissociation

limit of ~~ This does drop the carrier density the required amount, but the

mobilit ‘ ped precipitously. Furthermore , such diffusions heavily

decor~ cations m d  especially low angle grain boudnaries aggre-

vating the breakdown problem . Microsc opic observation of the breakdown

Process in as-grown crystals then showed that the breakdown was clearly

associated with micro cracks - and with pr ecipitates , both as ran dom particles

and decorating low angle grain boudanries.

Pre vious rep orts suni~~rize our other measurements, including resistivity ,

Hall effect , ohmic contacts, polishing, etching, optical absorption , etc .

and will, not be treate d here .
i

Our progress this year has been aimed along three lines; high-

pressure, high-temperature equilibration and growth under 1
2 

to minimize

the intr insic donor , a detailed defect structure analysis of current CVD

grown crystals to avoid breakdown at high fields , and a new low temperature

luminescen ce techniqum to define and charac terize the shallow levels present

in su~~ material , both intrinsic and extrinsic.

—6—



HIGH PRESSTJ~~ -HIQ1 TEMPERATURE SYSTEM

The system designed to process and grow GaN under an ambient of N2
gas capable of 1500°C and 10,000 atm consists of the following major s*Ab-

Systems :

A manually operated single stage piston-cylinde r compressor ra ted

for 4 ,000 atm.

A semi—automatic 3-stage intensifier with a capability of up to

14 , 000 atm.

A small i~~ (titanium-zirconium-molybdenum alloy) autoclave with

an external furnace for operation to 1100° and 3,000 atm.

A larg e internally heated , two-zone high pressure vessel (fo r

annealing, liquid phase crystal growth and diffusion) r ated at

1500° and 10,000 atm.

A similar vessel, with identica l ratings , but with the addi tion of

appropriate electrical feed—thro ughs for diffe rential thermal

analysis and in situ resistivity measurements.

Because (1) funding under the present one year contract was two months

late in arriving , (2) the bong lead time necessary for filling these orders,

and (3) the fact that the 3—stage intensifier arrived with extensive

damage during shipment, the complete syst em is not yet operational. The

small single—stage compressor and the T~ 4 vessel are set up. The large

3—stags inten sifier is now being repaired and the first internally-

heated w ss.1 is now being connected to the system. The second larg e

vessel has not yet been received; we expect shipment in October. Hence ,

we axe ~uzt starting preliminary annealing experiments in the TZM vessel,

and hope to be using the complet, system by January 1, 1978.

—7—



CRYSTAL G~)W~H AND ANNEALING

A second CVD growth apparatus is now operational . This has been

designed to grow routinely standard GaN crystals, SOp thick on R-plane

sapphire from NH 3 and Gad . This system has better flow and temperature

control than the original apparatus , each of the incoming gasses flows

through a calcj a—stabj lized zirconia oxygen pump to remove (or introduce

known quantities of) oxygen. Si contamination is minimized by a long

high purity alumina liner and the apparatus is designed for easy sample

insertion and removal . The standard crystals now being grown consistently

1 x 2 cm x 5O~ exhibit a carrier concentration of 2—5 x 1018cm”3 and a
2 — 1  —lmobility averaging over 100 cm V sec . The defect structure of such

crystals is described in detail in the next section.

The first CVD apparatus has now been freed for a series of experi-

ments designed to improve the perfection of CVD crystals by investigating

growth on other substrate orientati ons , by trying othe r substrate

materials in conjunction with an attempt to grow at lower temperatures

and to dope the crystals with expected shallow donors and acceptors as

an adjunct to our ion implantation studie s , using low temperature bound

exciton luminescence to characterize these centers, as described later .

We have repeated a series of annealing experiments in 1 atm of

fI~w~ing NH 3 between 1000 and 1200° in order to establish a rep roducibl e

base line for the ion implantation experiments and the high pressure

anneals in N2 . As expected, above 1100° the dissociation of NH 3 is

very rapid and the samples begin decomposing. Between 1000 and 1100°

anne al ing does not alter the carrier density. At 1100°, however, the

luminescence efficiency of the low temperature bound exciton spectrum

increases significantly. At the same time some surface crystal regrowth

—8—



is apparent. Thus , the crystals originally grown at 1050° can be somewhat

improve d by an 1100° anneal , at least to the extent of decreasing the

effect of non-radiative recombination centers .

~~FECT STRUCTURE AND CRYSTAL PERFECTION OF STANDARD GaN CRYSTALS

We have recognized previously that CVD (GaC 1~-NH 3
) grown GaN on

sapphire contains micro—cracks, low angle grain boundaries , preci-

pi tates, voids and stack ing faults. These limited the high field

breakdown of the crystals, they seemed to affe ct the optical trans-

mission , and we were concerned that the effective carrier densities

and mobilities might be influenced by such defects. Accordingly. we

undertook a detailed structural analysis program to characterize our

standard CVD crystal s grown on R-plane sapphire at 1050° and to compare

these results with those obtained by varying growth rates and substrate

orientation. In addition we compare d these re sults with those obtained

from whiskers, small crystallites which grew off the NH3 inlet tube in

the reaction zone .

We started with 200p thick crystals grown ve ry slowly (l-2p/hr ) on R

plane sapphire (1012) . Laue x-ray patterns indi cate that the GaN grow s

as a (1120) plane on this surface , its c—axis in the growth plane. This

change in orientation is consistent with the best lattice match between

Ga and N sites with Al and 0 sites at the interface . X-ray diffraction

indica tes that all the GaN is oriented very close to this direction;

there are no high angle grain boundaries. The surface topography of the

GaN is not planar; ridges and valleys are oriented approximately per pin-

dicular to the c-axis. Using optical microscopy , transmitted light

reveals the presence of linear decorated faults running parallel to the

c-axis. Figures 1 and 2 show the tran smission patterns through an

-9-
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unpolished crystal , so that it is obvious that these linear faults traverse

more than one ridge . Scanning electron microscopy of such samples (Fig. 3)

reveals a series of cracks (open about l/2p) also parallel to the c-axis.

Re—examining such samples under high resolution in the optical micro-

scope, comparing tran smitted light pattern s with sur face reflection

patterns , indicates that all the cracks are correlated with the bulk

fault lines , but that not all the fault lines have cracked. In addition ,

from observations on unpolished samples , these cracks are not stopped

by the surface growth ridges. Several unpolishe d , unetched samples

were cleaved along these cracks and the cleaved surfaces examined by

the scanning electron microscope in the secondary emission mode. Figure 4

shows such a typical cleavage plane, containing a series of bubble-like

particles . These are spread out, as a liquid, wetting the GaN surface.

Hence they must be metallic Ga, molten by the heat of the electron beam.

By focussing the beam on one of these particles and using the instru ment

in the x—ray energy dispersive mode , these particles were indeed shown to

be free Ga. If the crystals are cleaved perpendicular to the c-axis no

precipitates are observed. Hence the cracks occur on some Ga-decorated low

angle grain bounda ry planes running parallel to the c-axis . Since the

cracks cross many ridg es and valleys of the surface topology , they probably

do not occur at the growth temperature. Rathe r , they must be due to

the difference in thermal contraction between GaN and sapphire as the

crystals are cooled to room temperature . GaN has a highe r the rmal

expansion coefficient than sapphire . Hence on cooling down the GaN should

be in compression, the sapphire in tension. In agreement with this con-

clusion , for very thick ( >2me) GaN layers, the sapphire substrate is

always very crac k d and for thinner G~N layers the cracks in the GaN

—11-
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originate at the surface (maximum compression) , but rarely propagate

through to the sapphi re interface. These cracks and associated decorated

low angle grain boundaries are always observed on 50~ to 2sm th ick GaN

grown on R-plane sapphire. Other sapphire orientations (parallel to 1012 ,

see below) produce crystals with fewer cracks, and very slow growth rates.

< lufhr , reduce the number of low angle boundaries that can propagate

cracks. Fortunately, these boundaries and cracks run parallel to each

other and to the c-axis, so that high field breakdown might be avoide d

by applying the field parallel to the c—axis or by isolating a single

grain .

The second major defect that is easily observed in these samples

consists of regions of random precipitates and voids that gives rise to

light scattering that is particularly obvious in thick samples which

appear black. The wavelength dependence of the relative optical trans-

mission of such thick black samples after removal from the substrate and

polish ing indicates that the transmission cannot be fitted to a single

scattering mechanism. Throughout most of the visible range the trans-

mission is governed by Rayleigh scattering from particles small compared

to the wavelengths used. At short wavelengths, approaching the bandgap ,

transmission may be limited by scattering from particles of size compar&ble

to the wavelength in the crystal or band-tail electronic absorption may

be occuring , or both. At longer Wavelengths, free carrier absorption

again decreases the transmission.

50~i thick crystals grown at l0i~/hr appear blacker than crystals grown at lp/hr .

A crystal was grown rapi dly (30p/hr) to a thickness of 2sm. The sapphire was

ground away and the crystal polished to 50~ thick by grinding on the substrate

side only. Transmission optical microscopy revealed non-uniform red-orange to

brown regions that ran parallel to the ridges and valleys on the surface.

-32-
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These are ro ughl y perpen dicular to the c-axis and are not associated with

the crack s runn ing parallel to the c-axis . Figures 5 (transmitted light)

and 6 (surface epi illumin ation ) show that these regions are associated

with the surface topology . The coloration is due to light scattering

which selectively removes the shorte r wave lengths . These scattering

regions cannot be detected in crystals grown at l~i/hr . We attempted to

detect these scattering centers directly using scanning electron micro-

scopy, but could not find them, presumably because these were small

par ticles (< O .5 p) below the resolution limit of the instrument. (The

Only features observed were several linear series of voids aligned

paral lel to the c—axis; these may be the traces of the low angle grain

boundaries in the growth plane , where the polishing and etching has removed

the Ga pre cipitates and left voids in their place - Figure 7) .

In order to detect these scattering particles several ism thick

samples were remov ed from their substrates , polished to a thickness

of SOp , then thinned by ion milling to prepare foils for examination by

transmission electron micr oscopy. These observations revealed no second

phase particles in slowly-grown crystals (lp/hr ) , but in rapidly grown

Crys tal s (> 30k/br ) , and then only in regions which appeared colore d by

transmitted light , small particles (~ 50 A) were detected, These always

occured only in the region s parallel to the surface ridges, which

appeared orange-red by tran smitted light. In addition , many voids were

detected in these regions. At times, traces of a decorated low angle

grain boundary was noted, pres umably the same boundaries discussed

above. Also very comeon were stacking faults. (These could not be

found in whiske r samples.) Outside the regions of precipitation , the

crystal perfection was very good and excellent sharp single crystal

electr on diff raction pattern s war. obtained.

—1.3—
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‘10 determine whether the low angle grain boundaries and their

associated cracks and the local , random, fine precipitation at ri ght

angles to the boundaries were in any way associated with chemical

impurities, the optical , scanning electro n and transmission electron

microscopy observations were repeated on crystals grown without the

alumina liner, to increase the Si concentration , replacing the liner with

a graphite foil liner , and using a sirconia oxygen pump to remove the last

traces of oxygen from the growth system. However, no verifiable change s

were found in the defect structure already discussed.

These observations were repeated on samples which had been annealed

at 1100° in flowing NH3 (see above) . Again , no discernible changes in

the defect structure could be found.

Finally, crystals were grown on other sapphire orientations and

compare d with R-plane crystals and with as-grown whiskers. Other

sapphire orientations used were single crystal sapphire tubing, and

grown sapphire ribbons of orientation (1012) , (1010) and an unknown

plane parallel to <1012’. On sapphire , only the (1010) orientation

yielded fault-free crystals, see Figure 9 (surface topology by reflected

light) vs. normal R-plane growth in Figure 8. These crystals were almost

identical to the whiskers. Both this (1010) growth and the whisker growth

have one thing in cosmon : they grow with a planar topology, but very

slowly.

Thea. results can now be s”~~~rized. Slow growth on standard R-plane

sapphire can eliminate the small random precipitate s in regions following

the ridged surface morphology and leadi ng to black crystals. It al so

reduce s the number of low angle grain boundaries and associated cracks

as well as the stacking fau lts , but it does not eliminate them. Planar

growth that eliminates the ridged surfa ce morphology - whiskers or on

— 15—
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(1010 ) sapphire , seems to elimina te all the growth defects , but the

growth rates are extremely slow. Growth on R—plane sapphire comeences

with isolated multi-n ucleated islan ds . Fi gure 10 is a scann ing electron

microscope view after only a brief growth period. The crystals axe all

very well oriented , but as they continue growing and merge togethe r a

slight misorien tation may lead to the loW angle grain boundaries.

Secondly the islands are not planar, they already exhibit ridges . As

these merge they form the ridg ed growth surface typical of R-plane

growth - see Figure 11 (optical reflection). The dominant plane visible

is a slow growth plane. The crystal grows along one of the less prominent

planes - a fast growth plane. Hence actual crystal growth is much more

rapid in these directions than the average growth rate indicates , and

the preponderance of small precipitates and stacking faults orien tated

parallel to the ridges and val leys probably results from this locally

rapid growth.

The implications of these deductions are obvious. We will use the

easily-grown R-plane crystals to study and improve chemical and elec-

trically—active center purity, but the samples selected for the high field

• measurements should be produced by very slow planar growth either on

(1010) sapphire or as whiskers.

OIARAC’IUIZATION BY LOW TEMPERATURE LUMINES(~~ NCE

Since the electric al proper ties of as-grow n GaN are dominated by a

shallow intrin sic donor, forming an impurity band and causing the crystal.

to be degenerate at a carrier dsnsity of 2-5 x l018c13, we attempted

som. low temperature absorption and luminescence measurements at 4. 2’X

in order to delineate the impurity band and perh aps shed some light on

the nature of this band. Znst ad, we observed a multitude of sharp
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lines (some less than 5 meV wide), as though the strong carrier degeneracy

were absent. ~bst of these lines vary from sample to sample and must be

to the vario us donor and accepto r defects grown into these samples.

As described below, we have identified the mechanisms and centers pro-

ducing these lines : 2 shallow donors , 2 shal low acceptors , and 1

deeper level , probably an acceptor. Yet the chemical identi ties of these

centers are not yet known. Accordingly, we have embarked on a program of

ion implanting various oo~~~ nly expected impurities in order to identify

these centers . Whether one of these observed donors is the ubiquitous

donor that dominates our as-grown crystals i.- as yet unknown.

The luminescence was observed on as-grown or annealed samples ,

left unp olished and unetched on the substrate s and imeersed in liquid He.

Photoluminescence was excited by 3371 A radiation from a pulsed N2 laser

(100 kw peak power, 10 ns pulse width , 100 pps repetition) , filtered by
0 0a narrow band pass filter (3371 A, 50 A width) and focussed by a cylin-

drical lens and a simple lens to a spot size about 2 me on the sample.

(The calculated peak excitation rate in the crystal is about 4 x 1027

electron—hole pairs generated per see per cm3.) The front surface

lumin escence was filtered by a sharp cut—off low pass solution filter

(DD1~ iodide in water , 20mg : loOal , 1 cm path length ) , focussed onto

the entrance slit of a Perkin-Elmer El. £18 monochromator and detected by

eithe r an EMI 6256S or a cooled EMI 95588 photo multip lier.

The resulting signals were processed either with a lock-in amplifier

tuned to a 500 ha chapper in the luminescence beam or with a boxcar

integra tor triggered by the laser pulses.

Figures 12—17 are the raw spectra near the bandgap for several as-

grown or annealed samples. Figure 18 schematically s’~~~~riz•s th. observed

bands and the interpretation is given in Tabl e 1.
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TABLE 1

NEAR EDGE LUMINESCENCE IN GaN AT 4.2 ‘3K

3.4758 eV Free exciton

3.4700 Exciton bound to neutral donor 1 (n—i)

3. 4671 Exciton bound to neutral donor 2 (n—I )

3.4570 Exciton bound to neutral. acceptor 1

3.4516 Exciton bound to neutral acceptor 2

3. 4449 n—2 decay of exciton bound to donor 1

3.4400 n—3 decay of exciton bound to donor 1

3.4306 n—2 decay of exciton bound to donor 2

3. 4249 n—3 decay of exciton bound to donor 2

3.4193 Exciton bound to deep level

3.4000 Exciton bound to donors 1 & 2 - TO phonon

3. 3840 Tree exciton - LO phonon

3. 3780 Exciton bound to donor s 1 & 2 - LO phonon

3.3660 Exciton bound to acceptors 1 & 2 - ~,0 phon on

3.2990 Free exciton - 2 LO phonon s

3.2840 Exciton bound to donors 1 & 2 - 2 LO phonons

3.2644 ~~nor-acceptor pair emission

3.1741 Donor—acceptor pair - LO phonon
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Although GaN crystallizes in the wurtzite structure , the anisotropies

in sost prope rtie s, e.g. effective masses , dielectric tenso r , appear to

be very small. Hence , in the first order inte rpreta t ion that follows ,

we assi~~e that GaN is isotropic.

Simple effective mass theory predicts that the binding energy of

a free exciton (not bound to any lattice center) shoul d be about 30 meV

relative to an unbound electron-hole pair at the zone center. From the

known bandgap of GaN at 4. 2°K (from absorption and reflectiv ity) we know

then where to look for the free exciton decay emission and an emission

peak does occur very close to this energy at 3.4758 eV (see Table I ) ,

enabling us to identify it as the free exciton peak and yielding a free

exciton binding energy of 28 meV. As expected, this peak is replicate d

by, the simultaneous emission of one and two LO phonon s (measured LO phonon ,

90 meV; previo usly determined from reststr ahlen measurements , 91 uieV) .

With the extremely high excitat ion power s used , we expect all

ionized donors and acceptors to be neutralized by free carriers . Again

using effective mass theory, we predict a hydrogen- like donor state

ionization of 30 meV and an acceptor roughly 5-10 times deeper than this ,

the latter due to a large , but currently uncertain hole mass . Excitons

should bind to both neutral donors and neutral acceptors and the binding

energies (relative to the free exciton ) should be linearly related to the

ionization energie s of the donors and acceptors, the Haynes rule , with

the pr oportionality constant usually 0.1 to 0.2 in other materials.

T~~ lines are observ ed close to the region for the decay of excitona

bound to neutral donors. These lines vary independently in intensity

from sampl, to sample. Hence the centers are not intrinsic. Associated

with each of these lines axe at least 2 other lines of lover intensities

at lower energies. The latter are interpreted as 2 electron transitions,

—2 7—



in which the donor is left in the n—2 and n—3 excited hydrogenic state after

the radiative transition , rathe r than in the n—l ground state . Deviations

from effective mass theory (central cell cor rections ) normally perturb

the compact ground state much sore than they do the extended excited

states. Hence we can assuee that the n—3 state energy is given accurately

by the effective mass approximati on. Then the separation between the n—3

line and the n—i ground state line can be added to this to yield the

normal dono r ionization ene rgy . This yields 36 and 41 meV resp ectively

for the two observe d donors. (The deduce d Haynes Rule consta nt here

lies between 0.15 and 0.20.)  These lines are also replica ted by TO

(70 meV) and I~0 (90 meV) phonons.

In the boun d exciton to neutral acceptor region at least two

extrinsic lines are also observe d, but these are not associat ed with

any observed two electron transi tions. Using Hayne s Rule , we estimate

that the ionization ene rgies of these two acceptors lie between 200 and

300 meV, very deep indeed for a “shallow level” . These lines are

replica ted by LO phononz . A third extrinsic line is sometimes ob-

served ~uat beyond this region . This is pro bably an exciton bound to

a deeper level, again probably an acceptor with a deduced ionizat ion

energy of - 0.5 eV.

At lower energies, phonon replicated donor-acceptor peaks appear ,

the direct reccebinatio n of electro ns bound to the two neutra l donors

with holes bound to the acceptors.

Apart from the free exciton line , all the peaks discussed are extrinsic,

that is, they vary in intensity from sample to sample . Several correlations

have been mad., but none that has led to any fi rm conclusions yet. The

deep acceptor peak is enhanced in samples that appea r very black due to

the presence of pr ecipi tates and also in samples grown when graphite

—2S—



was present in the growth chamber. The use of a poor grade of NH 3 during
I

growth enhances some of the donors and acceptors. Li diffused samples

are dominated by a broad emission at 2.13 cv, probably some complex

defect involving Li , but no simple donor or acceptor can be seen.

Anneal ing in flowing NH
3 (1100°, 5 hours) has no effect on the electrical

carrier concentration nor on the luminescence line widths, but it does

improve the luminescent efficiencies of all peaks uniformly by a factor

of 5 to 10. This then must reduce the number of bulk or surface non-

radiative recombination states. In comparing older samples, heavily

Si doped , n 5 x 1019cm 3 with th~ less heavily doped sore recent

samples n — 2—5 x l018cin 3, it is evident that the bound exciton line

— widths have been decreas ed f rom 6-10 meV to less than 5 meV. If these

widths are lifetime determined, the purer crystals correspond to a

lifetime of 1 x io_12 sec. This is too short to be a bound exciton

Auger recombination lifetime. It is probably being determined by

interaction with the free electrons in this degenerate mat erial. Hence

even if none of these observed lines turn out to be due to the dominant

intrinsic donor, we may have an indirect way of studying that level.

We are currently engaged in a doping program, intentionally adding

expected co on impurities , Si, C, 0, S, Zn, Na, etc., both by ion

implantation and during growth in our first CVD apparatus , in an attempt

to identify these as-grown defects chemically.

final observati on : if there are no shallower acceptors in CaN

than those already identified here , than it is obvious why low resistivity

p-type materi al has never been observed. The acceptors are simply too

d.sp to exhibit much hole ionization at room temperatur e. If we can

idsntify these levels and leani to dope with them, then high temperature

Mall effect measurements should confirm thi, conclusion.
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