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Effect of Ga/Si interdiffusion on optical and transport properties of GaN layers grown on S{111)
by molecular-beam epitaxy
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Optical and transport properties of wurtzite GaN layers, grown by plasma-assisted molecular-beam epitaxy
on Si(111) substrates, have been investigated. An emission at 3.455 eV, analyzed by continuous-wave and
time-resolved luminescence in undoped and Si-doped GaN layers, is assigned to excitons bound to Si donors
with an optical binding energy of 50 meV. A common origin of this peak, for undoped and Si-doped GaN, is
backed by secondary-ion-mass spectroscopy that evidences a Si diffusion from the substrate into the GaN layer
for growth temperatures above 660 °C. Simultaneously, Ga diffusion into the Si substrate generates a highly
p-type conductive layer at the GaN/Si interface, leading to unreliable Hall data in undoped and lightly doped
layers. Positron annihilation reveals a concomitant vacancy cluster generation at the GaN/Si interface in
samples grown above 660 °C. No traces of the “yellow band” are detected either in undoped or in Si-doped
samples[S0163-182608)00827-3

[. INTRODUCTION We report on the Ga and Si diffusion at the GaNL$i)
interface as a function of the growth temperature. Its effects

The origin and reduction of the residualtype conduc- on the transport and optical properties of undoped and Si-
tivity of undoped GaN layers grown on different substratesdoped GaN layers are analyzed by Hall effect, continuous-
by various epitaxial techniques, are still relevant issues. Dewave and time-resolved photoluminescefek), secondary-
pending on the residual-type density, native-point defects ion-mass spectroscopy(SIMS), high-resolution x-ray
(Vy) and/or contamination@) were proposed as most prob- diffraction (XRD), and positron annihilation spectroscopy
able candidates:® The reduction of the residual conductivity (PAS). Although the results of this work might apply to
below 137 cm~3, a current bottleneck for most growers, is GaN/AIN grown on SiC, where both Ga and Al are acceptors
needed to obtain efficieqt-type doping with a low compen- and N is a shallow dondr® the high acceptor binding ener-
sation and high mobilities, which is a key issue to achievegies of Ga and Al in SiC make this potential problem less
continuous-wave-laser operation through the reduction of thearmful.
contact resistance and threshold curfent.

Reliability of Hall d_at_a_from G_aN layers depends on Il EXPERIMENT
many factors. Low resistivity Ohmic contacts, stable at low
temperature, are easily achieved mtype GaN but this is Wurzite GaN films were grown by plasma-assisted

not obvious forp-type GaN. Besides, the layer morphology molecular-beam epitaxyMBE) on p-type S{111) on axis
(columnar, grain boundaries, mixed cubic/hexagonal phasesubstrates with 50—-400 cm resistivity. After native oxide
might restrict parallel conduction leading to an apparent GaNemoval at 850 °C for 20 min, a7 reconstruction with
insulating character, or, conduction may proceed through inKikuchi lines indicated a high-quality surface. A cryogeni-
terfacial channels that mask the actual conductivity of thecally cooled rf plasma sourcéOxford Applied Research
GaN layer. The formation of-type inversion layers were CARS25 supplied the active nitrogen flow, which was kept
already reported in AIN/$111) interfaces’ Similar effects constant throughout the growth. GaN layers, grown at 660—
are expected in degenerated interface layers or in twof80 °C with a rf power of 550 W and a,Nlow of 1 SCCM
dimensional channels generated between the active layer atB8CCM denotes cubic centimeter per minute at S{Hrowth

the buffer or substrate materidls. pressure of 1510/ torr), had thicknesses between 0.8 and

0163-1829/98/5)/155010)/$15.00 PRB 58 1550 © 1998 The American Physical Society



PRB 58 EFFECT OF Ga/Si INTERDIFFUSION ON OPTICA .. 1551

060 T T T T T 1X102% T T
[ ] 4
0.5 |- 8 1x102% * * n-type 660°C | |
[ v B & o p-type720°C | ]
0.50 - £ 1x10ml u o
= 1 3 . p-type 770°C 1
€ 045 i < ]
2 2 1x1019F . .
£ 040 - £ ] ]
o B AX10 T S
® [m}
£ 035 A T, =660°C . S a 8 oo O
g o Tsubs=7200C 8 1X1016-' 0. o 0 B ° - E
G 030 T Tope=770°C 1 2 o
025 OED signal = 0.57V ] S 1x1015§— (a) 3
020-.|‘..|. .|....|....|....- 1x1014.|. M| M| Il |....|.-
’ 506107 1.0x10°  15x10°  20x10°  250°  3.0x10° 50x107  1.0x10°  15x10°  2.0x10®  25x10°  3.0x10°
Ga cell Beam Equivalent Pressure (Torr) Ga flux (BEP) (Torr)
T Ty T T b S
FIG. 1. GaN growth rate vs Ga fIUBEP) for different substrate * n-type 660°C
temperatures and a constant active nitrogen flux. Solid lines are o p-type 720°C
guides to the eye. All samples were grown without AIN buffers. 1000 £ o p-type 770°C
. . . w 3 ]
1.3 um. Samples were grown either without buffer, or with 2 L Na/Np=0 ]
an optimized AIN buffer laye?-*! n-type doping was per- & [ \0\5:\%: ]
formed with a Si solid source. = F T
Continuous-wave PL, excited with the 334-nm line of an 3 \OE'\\ Nu/Np=04
Ar" laser, was measured with a Jobin-Yvon THR 1000 = [ N
monochromator, a GaAs photomultiplier, and a lock-in am- 0 T~
ogs . . ~d [ ] b=
plifier. Time-resolved PL was measured with a frequency (b) VT o
doubled Ti-sapphire laser with 200-fs pulsggeak power; i L T T T 21
0.2 Mw/cn?) pumped with a mode-locked Arlaser, with a 1107 x10'® - 1x1077 X107 X107 x40 1x10
time resolution of 100 ps. Hall data were obtained as a func- Carrier concentration (cm™)

tion of the .temperatureﬁ35—_350 K in a .He closed-cycle FIG. 2. () Room-temperature Hall-carrier concentration vs Ga
CryO_Stat using In dOt_S or _T'/Al for th'c contacts. SIMS flux for undoped GaN samples grown at different temperatures
profiles were taken with Dions as primary beam at 13 keV. yithout AN buffers. Above 660 °C all samples havedype con-
XRD data were obtained with a BEDE®Rliffractometer. In  ductivity. (b) Room-temperature Hall mobility versus carrier con-
PAS the Doppler broadening of the 511-keV annihilationcentration in undoped GaN layers fraf@. Solid lines are theoret-
radiation was measured using a variable-energy positrofeal fits with N, /Np compensation ratios of 0 and 0.4 after Ref. 14.

beam. Dashed line is a guide to the eye.
conduction due to a columnar morphology, typical when
lll. RESULTS AND DISCUSSION growing under N-rich condition$.That may be the case of
A. Hall measurements in undoped GaN layers vanishing mobilities and high resistivities, together with ex-

_ citonic PL emissions reported in GaN grown under N-rich
Figure 1 shows the GaN growth rate versus Gafheam  conditions!? The electron mobility in Fig. @) follows

equivalent pressuréBEP)] for different substrate tempera- qualitatively the theoretical mod&t,but it is ten times lower
tures and a constant amount of active nitrogen optical emisthan that reported for GaN on sapphiré® Compensation
sion detector=0.57V).° The growth rate increases linearly alone cannot account for such low mobilities, so that, a
with the Ga flux until a saturation value is reached. Thestrong scattering process due to a high-dislocation density
change in slope determines the stoichiometry point that demust be present. Indeed, these layers, grovithout AIN
limits two distinct regions of growth, namely, under N-rich buffer, were rather polycrystalline with full width at half
(linean and Ga-rich conditiongsaturatel Hall measure- maximum (FWHM) values, from XRD measurements, be-
ments were first performed at room temperature in undopetiveen 70 and 100 arc min. When the growth temperature
sampleswithout AIN buffer layers, and Figs. (2) and 2b) increases to 720 °C the conductivity changegttype, in-
show the carrier concentration, conductivity type, and thedependently of the Ga flux, as shown in Figa2 Besides,
mobility values as a function of the Ga flux and the growthfor a given growth temperature, the longer the growth time,
temperature. All samples grown at around 660 °Cratgpe  the higher thep-type conductivity; and a further increase of
with increasing electron concentrations from 80to  the growth temperature to 7710 °C leads to higher con-
107° cm™3, as a function of the Ga flux. Layer conversion ductivity values, alway$ type.

from conductive to semi-insulating, driven by an increasing Temperature-dependent Hall data in undoped GaN layers
N flux, was already reported in MBE-grown GaN®k.'>*®  [Fig. 3(@)] lead to activation energie£f) from 9 to 21 meV

We also found that a Ill/V ratio reduction leads to a sharpfor GaN grown by MBE on S111) at 660 °C (1);
conductivity decrease and to semi-insulating layers. HowGaAg111) (2); and by metal-organic vapor-phase epitaxy
ever, this effect might partially arise from a restricted parallel(MOVPE) on sapphirg3). The unintentionah-type conduc-
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10" . . . e from PL data, have been reported in undoped GaN samples.
F (a) M T . 1 In our case, Hall data in Fig.(& shows a very sharp con-
X Ep=9meV ] ductivity increase with the Ga flux, and, since no conceivable
@ —— e e . oxygen source in the MBE system would reach such a high
10meV level (residual gas analysis did not show any thace, it
follows that point defects lik&/y, or Ga, or complexes in-
10 1 volving them, are most likely to be the origin of timetype

©)] *\‘ conductivity in our undoped GaN samples.

21meV ] As pointed out before, undoped GaN samples grown by

1 MBE above660 °C show g-type conductivity, with an ac-

tivation energy E,) of 62+ 3 meV [Fig. 3b)] independent

of the IlI/V ratio, growth temperature, and layer thickness,

10172‘5 30 35 a0 a5 80 55 pointing to a common acceptor. Moreover, undoped GaN

A layers grown at 780 °C and thinned by dry etch with, ¥
1000/T (K™) or a thermal anneal of the Ohmic contacts at higher tempera-

T y ) tures, reveal that the closer to the GaNI&il) interface, the

[ (b) ] higher thep-type conductivity(Table |). Since Ga is a shal-
sx10' | ] low acceptor in Si, at some 65 meV above the valence
band!® and considering the activation energies shown in Fig.
780°C, 1.25 um| 3(b), we conclude that the Hall conductivity is dominated by
a highly conductivep-type interface channel generated by
%106 - Ga diffusion into the Si substrate. Assuming axtrinsic
diffusion time of 2 h(growth time, and the Ga solubility
limit and diffusion coefficient in Si at 800 °C being 2
xt0' | 760°C. 0.8 um X 10 cm 2 and 10 %6 cn?/sec, a rough estimate gives a
, 0.oum . . .
E,~62+3 meV p-type channek=300 A thick with an average hole density
L X of 10'° cm 3. Mobility values in Table | also agree with the
3.0 35 40 45 5.0 hole mobilities in Si for these acceptor densities.

1000/T(K™") The GaN-layer quality improves considerably when

Electron concentration (cm‘3)

Carrier concentration (cm™>)

grown on optimized, high temperature>800 °C) AIN
buffers®-1! We have checked the buffer-crystal quality and

©) adequacy to further grow GaN by means of the FWHM of
X107 E 4 XRD rocking curves; surface roughness by atomic force mi-
b croscopy (AFM); and surface reconstruction by reflection
1 high-energy electron diffractiofRHEED). While XRD re-
a lates directly to monocrystallinity, AFM and RHEED also
give information about the surface flatnésgo-dimensional

x10"°F (1)1 growth and stoichiometry. Optimized AIN buffers show a
E, ~ 50

meV FWHM of 10 arc min; a root-mean-square surface roughness
) of 46 A, and a 4 2 RHEED reconstructioi.! Because Al

Carrier concentration (cm™)

; L L behaves as an acceptor in Si and its diffusion coefficient is
3 4 5 6 7 8 9 10 higher than that of G& a diffusedp-type layer at the AIN/
1000/T (K‘1) Si(112) interface is also expected. Hall data in Figc)3re-
veal that GaN layers grown on AIN buffers, as well as the

FIG. 3. (8 Temperature-dependent Hall data in undoped GaNAIN buffers alone, havep-type conductivities with an acti-
layers grown with different techniques: MBE at 660 °C o130) vation energy very close to that of the Al accept@s me\)
(1); MBE on GaAg11]) (2); and MOVPE on sapphiréd). (b)  in Si!® Although the AIN buffer layer should isolate the
Temperature-dependent Hall data in undoped GaN layers grown ogaN top layer from the AIN/$iL11) interface, this seems not
Si(111) at temperaturesabove 660 °C. Layer thicknesggrowth  tg pe the case, even with unannealed Ohmic contacts. Look
time) is also shown(c) Temperature-dependent Hall data in an gnd Molnaf® reportedn-type highly conductive GaN inter-
undoped AIN buffer(1) and an undoped GaN on an AIN b“?@)' face channels due to a high density of stacking faults extend-
Both AIN buffers were grown at high temperatu&0-910 °Q. ing over 3000 A from the GaN/AD; interface. Thus, we

t|v|ty of these Samp|es is rather h|gh and very much depenspeculate that a high'diSIOcation denSity in the AIN buffer
dent on the growth method and conditions, as it has beemlght hEID electrical contact with the AIN/Si interface.
often reported in the literature. The difference in donor-
activation energies observed in these samples would suggest
different residual contaminants or native defects, but a com-
parison cannot be straightforwardly done because of SIMS spectra, with 13-keV O as primary species at 60°
impurity-band formation for high-electron densities. Differ- incidence, were taken in undoped GaN layers grown on high
ent activation energies for residual donors in GaN, at 20—386esistivity (>400() cm) Si111) without AIN buffers. Fig-
meV (Refs. 13 and 1)6from Hall data and 35 meVRef. 17 ures 4a) and 4b) show Ga and Si profiles in samples grown

B. SIMS measurements in undoped GaN layers



PRB 58

at increasing temperatures. Besides an instrumental effect & substrate accounts for the appang+type conductivity of
“trailing etch” (slow exponential decayan enhancement of the GaN layers. On the other hand, diffused Si into the GaN

EFFECT OF Ga/Si INTERDIFFUSION ON OPTICA ..

TABLE I. Change in Hall data with sample thickness and annealing temperature in GENJSi

Sample thicknesgum)

[p] (cm™3) wp (CPIV s) p (Qcm
0.77 3.6<10% 100 1.72
0.51 6.0< 106 94 1.21
0.15 2.2 10" 89 0.32
Annealing temperaturé€C), 90s [p] (cm™3) wp (CNP/V s) p (Qcm)
Unannealed 35810 101 1.72
380 3.8<10'° 97 1.68
450 4.2<10'° 91 1.63
500 5.1x 10'° 77 1.57

Ga diffusion into the Si substrate, as well as of Si into thelayer acts as a shallow donor.
GaN layer, is clearly observed. The GaNAdi)) interface

was precisely determined from the Gignal change. It fol-
lows from Hall data that th@-type conductivity of samples

in Fig. 4(a) increases with the Ga diffusion. Figure 5 shows

an enhancement of Ga/Si diffusion that becomes very strongp Undoped GaN/Si layer: . _
at high-growth temperatures, with complex profiles that reJs still unclear'. Freg excitons dominate the luminescence of
mind an extrinsic diffusion followed by a redistribution pro- columnar, whiskerlike samples, whereas a weak and broad
cess that might depend on the film compactness. Since tHteak at 3.455 eV becomes dominant in compact layers be-
carbon signal keeps near the detection limit throughout théause of a sharp excitonic-emission reductianpst likely
GaN layer and the Si substrate, it is likely not arising fromdue to the generation of a high density of dislocations in
the GaN layer. As pointed out before, Ga diffusion into therather polycrystalline samplego AIN buffer). The growth
temperature does not affect the energy position of this peak
(Fig. 6), but it enhances the emission intensity. The inset in
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C. Photoluminescence measurements in undoped GaN layers

Although near-band-edge PL spectra have been analyzed
521 22the origin of some emissions

.
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FIG. 5. SIMS profiles in GaN samples grown at 720(&f, and
780 °C(b).
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FIG. 7. Time-resolved PL spectra from several GaN lay&s:

FIG. 6. PL spectra of undoped GaN layers grown ofLEl) undoped GaN at 780 °C without AIN buffer, tuned at 3.455 &Y,
without AIN buffer at increasing temperatures. The inset shows theSi-doped GaN (1.% 10° cm %) on an AIN buffer at 910 °C, tuned
PL intensity dependence on the growth temperatsee text The at 3.455 eV,(c) relaxed, undoped GaN at 780 °C without AIN
open square corresponds to the same PL emission in a GaN laybuffer, tuned at 3.472 eV donor bound exciton.
grown at 660 °C. All spectra are shifted for clarity purposes, but
they have the same baseline. ordered growth, is inferred from XRD data showing a best
FWHM value of 8.5 arc mif® The GaN optimization de-
Fig. 6 shows data from a series of samples grown with difpends, not only on the AIN buffer, but also on the growth
ferent thicknesses and measured under various excitatigate and the adequacy of the growth temperature to the sto-
densities, so that they are normalized, whereas spectra showghiometry condition, as shown in Fig. 8. The dominant fea-
in this figure belong to selected samples grown in sequencgre of the PL spectra is no longer at 3.455 eV but at 3.465
under the same conditions, having similar thicknesses and 0.003 eV. Assuming that these compact GaN layers are
measured under an identical excitation, thus allowing ajnder a biaxial-tensile strain of thermal origin, and taking
straightforward comparison. Since a growth temperature in-
crease leads to a higher and deeper Si diffusion into the GaN
layer, it seems reasonable to establish a relation between the
Si donors and the PL emission at 3.455 eV. Considering that
compact GaN layers are under biaxial-tensile strain due to
differences of thermal expansion coefficients between the ep-
ilayer and the substraté,this emission can be assigned to
the donor-bound exciton related to Si donors. The broad line
shape of this excitonic emission might be understood as due
to local-potential fluctuations and/or inhomogeneous-
residual strain in the GaN layer, which are expectable in a
polycrystalline material. Dominant and broad peaks at 3.455
and 3.460 eV, were attributed to donor-bound excitons of
unknown origin in GaN layers grown on ($.1).24%°

Figure 7 shows time-resolved PL decays, tuned at 3.455
eV [(a) and (b)], with fast exponential decays in compact
GaN layers, either undopédé) or Si dopedb). The lifetimes
are about 166 10 ps and they are almost identical to the I
measured lifetime of the donor-bound exciton at 3.472 eV, [ c)

0.30

025

020}

015} ]

b)

PL Intensity (arb. units)
o
o

0.05

x1

determined in a fully-relaxed, columnar GaN layit is

also worth noting that the temperature dependence of the
emission at 3.455 eV in undoped GaN layers follow that of
the band gap up to 100 K where it fades &lt.

0.00

——-——-——/A -1

29 30 31 32 33 3
Energy (eV)

4 35 36

Figure 8 shows low-temperature PL spectra correspond- FIG. 8. PL spectratad K from undoped GaN layers grown on

ing to undoped GaN layer6l wm thick) grown on opti-

optimized AIN buffers:(a) GaN grown at 760 °C at a rate of 0.5

mized, high-temperature AIN buffefs!! As expected, the um/h, (b) GaN grown at 720 °C at a rate of 0.Q8n/h, (c) GaN
GaN crystal-quality improvement, resulting from a better-grown at 740 °C at a rate of 0.Q8m/h.
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= x4 10000/Tg; (K™
i 0.10 b Ts=1000°C _ FIG. 10. Hall-carrier concentration in Si-doped GaN layers. For
n=1.1x 10" em® low-doping levels samples shopttype conductivity(see text
x4
0.05 F ] The emission at 3.455 eV in Fig. 9 shifts to lower ener-
Tg= 975°C gies with the increasing doping, up to low®#@m™3, then, it
F p=1.7x10"7 em? c=5.1825 A] blueshifts and broadens markedly for higher doping levels. A
0.00 -2 i similar shift to lower energies, observed in Si-doped
’ P PR I S S GaN/AlL,O, for emissions at 3.455 e{Ref. 30 and at 3.410
330 335 340 345 350 355 eV (at room temperatujé’ can be due to the relaxation of
; o 33
Energy (eV) the residual strain in the layé# or to the presence of a

hydrostatic strain due to the incorporation of point defects to
FIG. 9. PL spectrata4 K of Si-doped GaN layers grown at the lattice®* XRD measurements reveal that undoped

760 °C on AIN buffers. Spectra are shifted but they have the saméamples are already under biaxial-tensile strain wéth
baseline. =5.1827 A, well below the relaxed value of 5.1850 A, and a

progressive reduction of the lattice parametertogether
into account the improved crystal quality, the emission atwith a PL peak redshift, take place as the Si-doping increases
3.465 eV is assigned to the free-excitdn® The peak at (Fig. 9), in good agreement with previous data in GaN/AIN/
3.455 eV is not much evident in these spectra, perhaps b&IC by Perryet al> The origin of this behavior might be the
cause Si does not diffuse through the AIN buffer, or becauséeduction of the dislocation density, driven by the doping, as
it might be masked by the dominant emission. However, ifoointed out before by Ruvimoet al,*® that would lead in
we take the emission at 3.455 eV as a Si-donor-bound excPur case to an increase of the biaxial-tensile strain in the
ton, it would give a Si-donor binding energy of 50 meV, layer. The peak shift to higher energies, for doping levels
following Haynes’s rulé® above 16° cm™3, is a consequence of band filling, whereas
the peak broadening is attributed to potential fluctuations due
to a random distribution of the Si impuritiésas well as to

the band filling.
Photoluminescence spectra were taken in a series of GaN

samples doped with Si and grown at 760 °C under stoichio-
metric conditions on optimized AIN buffers. Figure 9 shows
the spectra evolution from low to heavily Si-doped layers, Hall measurements, performed at room temperature in 1-
where, within a few millivolts, the energy of the dominant um-thick Si-doped GaN layers grown at 760 °C on AIN
peak is the same and its value coincides with that observed ipuffers, are shown in Fig. 10. Thetype carrier concentra-

all undoped layers in Fig. 6. Time-resolved PL measuretion follows a typical exponential dependence with the Si-
ments in Si-doped sampl¢Fig. 7(b)] give a similar expo- cell reciprocal temperature for doping levels above
nential decay(160 p3 as that of undoped GaN layers where 10" cm™3, whereas lower doping levels result in an apparent
Si diffusion has been observéBig. 7(a)]. We conclude that p-type conductivity of the layers due to Al diffusion into the
the peak at 3.455 eV is due to donor-bound exciton involvingSi substrate, as mentioned earlier. Although @rb-thick

Si donors with an optical binding energy of 50 meV. This AIN buffer layers were grown at 910 °C, the Hall current is
value agrees well with previous data reporting a binding endominated by thep-type interface layer for low Si doping
ergy for the exciton bound to neutral Si donors of 8.6 nféV, levels. Indeed, the layer doped wiffig;=1000 °C shows
which gives a donor binding energy of 43 méYEmissions  p-type conductivity with annealed In Ohmic contacts, but
at 3.458 eV, reported in Si-doped GaN grown n-type with unannealed Ti/A(Fig. 10. Electron mobility
homoepitaxially® and on sapphir® were attributed to increases with doping level from very low values
donor- or to acceptor-bound excitons, but it seems mor¢10cnf/Vs) to a typicat’ value of 100crVs for
probable that these emissiofas well as those in Refs. 24 10 cm 3. Low mobilities may arise fronp-type interface-
and 25 be due to an exciton bound to a neutral Si-donor. layer conduction, compensation, or scattering by disloca-

D. Photoluminescence measurements in Si-doped GaN layers

E. Hall measurements in Si-doped GaN layers
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10— concentration in the mid #6-cm™2 range and compensated
- ] samples Ep /KT), most authors coincide to assign &p
value between 13 and 17 meV to Si dont#€>**3"and
] small deviations might arise just from different compensa-
(a) tion ratios. Results from undoped samplealso give 16
SEm EEREN N E-E-N—— N meV. A Si-donor energy of 29 meV, derived from infrared-
1 absorption measuremeffts in samples doped to 1.6
10°F E X 10" cm ™3, agrees with the Hall data if no compensation is
L ansey (b) 5 meV ] assumed®!” but most undoped and-type doped GaN lay-
00000000000 ] ers are compensatét:1®3° Higher binding energieg62
i meV) have been reported in cubic GaRef. 40 and hex-
s | agonal GaN(Ref. 41) from Hall measurements. Our results
AB‘DQQO from Hall measurements agree better with smaller Si-donor
10 L \o\ i binding energies, but PL data lead to a higher valbe
3 2o, (d)13meV 3 meV). An unambiguous determination of this energy is still
\ No__(sapphire) ] needed.
A 0\0\0 o ] Since impurity-band formation starts in GaN for doping
\ e ] levels above 18 cm 3, a reliable donor-activation energy
‘\ (c) 15meV ) calculation from Hall data should be done for doping levels
up to, or below 1& cm™3. However, Hall data from our
X M A, GaN samples doped in this range are unreliable due to the
0 5 10 15 20 25 mentioned effect of the Ga diffusion. Below 130 K, curves
1000/T (K'1) (b)—(d) in Fig. 11 tend to flatten as a result of impurity-band
conduction that dominates at low temperatures for doping

FIG. 11. Temperature-dependent Hall data of Si-doped GaNevels above 18 cm™3. Curve (d) shows data from a Si-
layers. Curve(d) corresponds to a GaN sample grown by MOVPE doped GaN sample grown by MOVPE on sapphire, where no
on sapphire. Activation energies are derived from the high-interface problems are expected. This sample has a normal
temperature region, assuming compensatigg /(KT). behavior with temperature, in contrast to that found in curve

(c). A similar abnormal thermal dependence was previously
tions. An increase in Si doping not only overpowers thereported by Kimet al. in GaN grown by MBE ong-SiC
p-type conduction at the interface, but also enhances theoated Si100).*° Whether this behavior is related to an in-
crystal quality. High Si-doping levels have been found toterfacial p-type layer conduction or to different conduction
enhance the band-edge luminescence in GaN 1dyé?s’  mechanisms, more work is needed to ascertain and quantify
and some authors correlated this improvement to ahis point.
dislocation-density reductioft.

Temperature-dependent Hall data in Fig. 11 show a de- . o .
generate electron concentration, independent of the temperd- Positron annihilation spectroscopy in undoped GaN layers
ture, when doping above 1cm3 (metallic conductioh The Doppler broadening of the 511-keV annihilation ra-
Decreasing doping densities leads to electron freeze-out ardiation was recorded as a function of the positron-beam en-
to increasing donor activation energies that follow the equaergy in nominally 0.78zm-thick undoped GaN layers grown
tion Ep=Epo—aNL3, with o being the screening factor at 660, 720, 760, and 780 °C directly on thg13il) sub-
equal to 2. 10 ° meV cm (Refs. 17 and 20andNp the  strates without buffer layers. The shape of the 511-keV line
donor concentration. Different values Bf,, have been de- is the momentum distribution of the annihilated electrons. It
rived from PL data35 meV) (Ref. 17 in undoped GaN, and was described using the conventional low and high electron-
from Hall data in Si-doped GakR9 me\) (Ref. 20 assum- momentum parameteiS and W.*? When positrons annihi-
ing either low or no compensation, and takiNg as the Hall  late at vacancies, th® parameter increases due to the lower
electron density. However, in the case of compensate#linetic energies of valence electrons and Weparameter
samples, the electron density equidis— N, instead ofN,,  decreases due to missing core electrons.
and theE, value derived from the above equation might be  The S parameter vs the positron-beam enekgis shown
significantly different. Since the compensation ratio in ourin Fig. 12 for all measured samples. TBEE) curve is a
samples is unknown, takingp as the Hall electron concen- superposition of the specific parameter values for different
tration in Fig. 11 gives arEp, value about 45 meV, higher positrons states. The fraction of positrons in each state varies
than the above-mentioned values, but very close to the Swith the beam energy, i.e., the positron stopping depth. At
donor optical-binding energy measured from PL experiment& =0 keV positrons annihilate at the GaN surface. Between 2
(see Sec. Il D and Ref. 27 and 8 keV positrons stop and annihilate in the GaN over-

Different binding energies might be derived depending onlayer. Above 10 keV an increasing fraction of positrons pen-
the doping level, compensation ratio, measurement technigugrate to the Si substrate and tS8eparameter shoots up to-
(PL, Hall, IR absorptiohand fitting procedure, so that care wards the Si-specific valugg;=0.520+0.001.
must be taken when comparing different data. This fact The level of the plateau from 2 to 8 keV characterizes the
might well explain the large spread of energies published focorresponding GaN layer. In the layer grown at 660 °C, the
Si donors in GaN layers. However, if we consider a donorlevel is very close to that found for free positrons in the GaN

A

Electron Concentration (cm™)
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FIG. 12. The low electron-momentum paramesers positron- FIG. 13. TheS-W plot for the GaN/Sil1]) layers after drop-

beam energy in undoped GaN(Bl1) grown at various tempera- ping out the surface effects. For the sake of clarity, the layer char-

tures. The specifi€ values for free positrons in the GaN lattice and acteristic plateau values have been marked by bigger symbols. The

trapped positrons in Ga vacancies are also marked. open circles with a central cross denote the positron-annihilation
states.

lattice”® Sg=0.434+ 0.001. In the other three layers the pla-
teau levels are much higher, even above the specific valuéS, ./ Sg=1.038,Wy,c,/Wg=0.86 also marked in Fig. 13,
of the Ga vacancy determined earlféThis is a clear indi- we conclude that the defect is far from being a monova-
cation of vacancy-type defects in the layers. cancy. The decoration of a Ga vacancy by a Si impurity
The W(E) curves(not shown are nearly the mirror im- cannot change much the specifi§, (V) values, as the Si
ages for theS(E) curves. The specific value for the GaN atom occupies a substitutional site in the second nearest
lattice is Wg=0.0690+0.002, and the plateau values are shell. Therefore, the defect cannot b¥@:Si pair. The high
0.0681, 0.0577, 0.0576, and 0.0565 for the growth temperaS, and lowW,, values of the defect suggest an open volume
tures 660, 720, 760, and 780 °C, respectively. In the Si subat least twice that of a monovacancy, i.e., the defect is a
strate theW value is very low,Wg=0.0263+0.002 due to vacancy cluster. Using a trapping coefficient of31§ * we
the absence of the Gal2lectrons. estimate the vacancy-cluster concentration to<b&0'’, 5
We use theS-W plot*?>*to illustrate the positron states x 107, 8x 10", and 1x 10" cm™2 in the layers grown at
and to estimate the specifiS{,Wp) values for the defect 660, 720, 760, and 780 °C, respectively.
that traps positrons in the layers. Tk®(E),W(E)) points The SIMS results in Figs. 4 and 5 clearly demonstrate the
have been marked on the plot in Fig. 13. The surface effectstrong Si diffusion across the GaN/Si interface when no
have been dropped out by skipping the points wih buffer layer exists. The Si profile penetrates 100—300 nm to
<5 keV. The positions of the positron states in the defectthe GaN side. Looking carefully at the PAS results, we see
free GaN lattice and in the Si substrate have been indicatethat the S(E) values at the interface regionsE (
too. For the sake of clarity, the plateau values averaged frons 10— 14 keV) increase rapidly above the plateau levels in
5 to 8 keV have been marked by bigger symbols. One cafig. 12, but the corresponding points in t8eW plot of Fig.
see that all the plateau points fall on one line that goed3 still continue to follow the “GaN Lattice—Vacancy clus-
through the “GaN Lattice” point. This means that the anni- ter” line. This means that at the interface regions the posi-
hilations in the plateau regions arise from superpositions ofrons encounter vacancy-cluster concentrations that are 5-10
two states: the free positrons in the lattice and the trappetimes higher than in the plateau regions.
positrons in the defects. The defect is the same in all layers Vacancies are known to be vehicles for substitutional at-
and the specific defect stat€y,Wp) must lie on this line, oms. Here PAS does not detect Ga vacancies \\gfSi
too. If we extrapolate the,W) points of highE through the  pairs. Instead, vacancy clusters are observed that are evi-
Si-substrate state, we get a second line. The crossing poidently stable traces left by diffusion processes during the
(“Vacancy cluster’) is the positron state in the common layer growth. The Ga vacancy has been identified in metal-
defect present in all layers. Now all the experimental pointsorganic chemical-vapor deposition layers grown on sapphire
fall inside the triangle “GaN Lattice—Vacancy cluster—Si” and their concentration has been seen to correlate with the
meaning that the experimental data in Fig. 13 can be exyellow luminescence intensifi. The PL results from the
plained as superpositions of annihilations in these three pogresent layers, with or without AIN buffers, show no traces
itron states. of the yellow band, either at low temperatures or at room
The defect that traps positrons in the GaN layers has theemperature, whether they are undoped or Si-doped, and
normalized specific valuesSy/Sz=1.10-0.002 and thus, these results are parallel with the absence of the Ga
Wp /Wg=0.75+0.003. Compared with the Ga vacancy vacancy signal in PAS measurements.
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IV. SUMMARY Hall measurements unreliable for undoped and lightly doped
amples. PAS detects vacancy clusters as a result of the
trong interdiffusion across the GaN/Si interface without a
Cl%uffer layer. Ga vacancies are not observed in these layers
and they do not show any trace of yellow emission.

In summary, we have studied the optical and transporg
properties of undoped and Si-doped GaN grown di1d)
by plasma-assisted MBE. When GaN layers are compa
(grown near stoichiometjythere is a significant residual
strain (biaxial tensilg of thermal origin. We identify the ex-
citonic emission bound to neutral Si donors having a binding
energy of some 50 meV. Undoped GaN layers grown below E.C., M.A.S.-G., D.B., F.J.S., F.C., P.Y., and E.M. wish
660 °C are always: type, being the donor species mostto acknowledge the financial support provided by CICYT
likely V or complexes involving these vacancies. However Project No. TIC95-0770 and by the EU ESPRIT LTR 20968
growth temperatures above 660 °C promote the diffusion ofLaquan). We also acknowledge fruitful discussions with C.
Ga into the Si substrate and of Si into the GaN layer, makindgr. Foxon and J. W. Orton.
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