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Cathodoluminescence studies of the electron injection-induced
effects in GaN

Leonid Chernyak,? William Burdett, and Mikhail Klimov
Physics Department, University of Central Florida, Orlando, Florida 32816-2385

Andrei Osinsky
SVT Associates, Eden Prairie, Minnesota 55344

(Received 6 February 2003; accepted 10 April 2003

Local irradiation ofp-type GaN with the electron beam of a scanning electron microscope resulted

in up to a threefold decrease of the peak cathodoluminescence intensit@7& nm, as was
observed in the variable temperature measurements. The cathodoluminescence results are consistent
with an increase of the minority carrier diffusion length in the material, as is evident from the
electron-beam-induced current measurements. The activation energy for the electron injection
effect, estimated from the temperature-dependent cathodoluminescence, is in agreement with the
thermal ionization energy of the Mg-acceptor in GaN. 2003 American Institute of Physics.

[DOI: 10.1063/1.1578514

Current applications of GaN and related compounds nemetalorganic chemical vapor depositigddOCVD) on sap-
cessitate availability of high qualitg- and n-type material. ~ phire substrates were studied. These samples demonstrated a
Because of the difficulties associated wiphtype doping, hole concentration in the mid 10 cm™2 with a mobility of
studies of the Mg acceptor in Ill-nitrides have attracted a lot~7 cn?/Vs. The experiments were carried datsitu in a
of attention. It has been recently discovered that electrofhilips XL30 SEM, which is integrated with a Gatan Mon-
injection into p-GaN leads to a pronounced change in theoCL3 cathodoluminescence system, allowing wave-
material’s transport propertiés® In particular, a multiple- ~dependent and temperature-dependent optical measurements.
fold increase of the minority electron diffusion length,has ~ The sample temperatures in the CL measurements were var-
been observed within 2000(at mos} of sample irradiation ied from 20 to 200°C. The emitted radiation was analyzed
with the electron beam of a scanning electron microscop&sing a single grating1200 lines/mm, blazed at 500 nirand
(SEM) or of forward bias electron injection into a solid-state @ Hamamatsu photomultiplier tube, sensitive in the 185-850
device p—n junction or Schottky barrigr~® The increase NM range. For every temperature, CL measurements were
of diffusion length was monitoreih situ in the SEM using carr_|ed out at a different location, which was continuously
the electron-beam-induced curréBBIC) technique-® Re-  €Xcited (up to 2200 $ by a 30 keV beam. The current, ab-
cent temperature dependent EBIC experinfehatributed ~ SO'Ped in the material under this excitation, corresponds to
the observed electron injection-induced effect to the charging€Veral 10 nA. The excitation was combined with a periodic
of Mg-related levels. The activation energy of the effect was2cauisition of cathodoluminescence spectra, taken under a

found to be consistent with that for the thermal activation ofS=M magnification ofx10000. CL results were compared
Mg dopants. with those obtained from the EBIC measurements, because

Electron injection-induced changes in the minority car—the same samples were studied by both techniques. A de-

rier transport have a pronounced optical signature. Roorﬁﬁggs\lhﬁzc_gpt'on of our EBIC experiments can be found

temperature spectral photoresponse measurements, carrfe . .
The experiments were started at room temperature with

out on GaNp—n junctions before and after forward bias ap- he initial CL spectrum acquisitiofspectrum 1 in Fig. )L
plication, demonstrated a significant increase in peak respon-, . init pectru quisttionspectru in 9. .
his spectrum features a broad luminescence band, peaking

EI;\/:Ze?;e:r:’GjLnir: tgge t? ag ze(i:;rn%n.l_lr?ijse(i::O;étn;uuscee?hzn_at ~379 nm(3.265 eV} and attributed to the excited electron
P-lyp gion. transition from the conduction band to the Mg-acceptor-

increased diffusion length improves minority carrier CO"eC'reIated levels é-Mg®).8 Figure 1 shows a continuous decay

tlgn and eliminates the “dead space,” where carriers recomo. ~ intensity, as is observed in the spectra 1-5. We at-
bine before they are collectéd.

. . tribute a decrease of luminescence intensity to an increase in
In this letter we report variable temperature cathodolu

‘the minority carrier(electron lifetime, due to a charging of
minescencéCL) studies of bulk GaN before and after elec- norry et n lifet u ging

iection ir the SEM. CL I lated with th the neutral Mg levels ip-GaN:*®° Note, that the concentra-
tron injection in the . CL results are correlated with the o\ o thece levels is quite significantip to 16° cm).

electron injection-induced enhancement.adnd provide an-  p o/ \se of the large valu€s30—208 meY’—* of the ther-
other experimental evidence for the relation of the phenomfna| ionization energy for Mg acceptors. Trapping of the
enon of interest to Mg doping. SEM-beam-injected electrons by the Mg level prevents re-
Several bulk(2—-3um-thick GaN samples grown by ompination of the conduction band electragenerated by
the same beapthrough it. This leads to an increase of mi-
dElectronic mail: chernyak@physics.ucf.edu nority electron lifetime in the conduction bafd.Because

0003-6951/2003/82(21)/3680/3/$20.00 3680 © 2003 American Institute of Physics
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FIG. 3. Dependence for the rate of the square root of normalized intensity

open circlegon the thermal energy, and the exponential fit. Inset: Variable

emperature dependence for the square root of normalized intensity on the

time of electron injection. The rate at every temperature is obtained from the

slope of a linear fit.

the intensity of luminescence is proportional to the rate of

radiative recombinatiof? which decreases with increasing tignal to 7~ 1) should depend on the injection time quadrati-

lifetime, the CL decay is observed in Fig. 1. We note that aca|ly, in agreement with Eq). This is, indeed, observed in

~2 nm “blue” shift of the e-Mg° peak, observed in Fig. 1 Fig. 2.

to a continuous charging of additional Mg levels in the for- gemonstrated a slower decrease of the peak CL intensity with

bidden gap. o S the time of electron injection. The rateR, for this decrease
Increase of the minority electron lifetime, in p-GaN  \yere found from the dependencies of the square root of nor-

FIG. 1. Room temperature cathodoluminescence measurements after differ-
ent time intervals of electron injection. The maxim@&79 nn) in spectrum

1 nearly corresponds to the pre-injection situatitess than 20 s time dif-
ferencg. The maximum in spectra 2, 3, 4, and 5 corresponds respectively t
660, 1200, 1680, and 2200 s of electron injection.

according to the following equation: on the time of electron injectiofcf. inset of Fig. 3. In Fig.
3, these rates are plotted as a function of 2 kT and fitted
L=\Dr, (1) (similar to what was previously done for the ratesLgf-®

using the following equation:
whereD is carrier diffusivity, which is unaffected by elec-
tron injection! Figure 2 shows the linear dependencelof R=R exp( ﬁ)
(open circlegon the time of electron injection for the sample o 2kT)"
under investigation. The minority electron diffusion length
increases and saturates within-2000 seconds of Here,Ry is the scaling constanf\E, is the process activa-
injection!~>The increase of is consistent with the decrease tion energy, and' is the temperature. The best fit for Hg)
of the peak CL intensityincrease ofr), which is also shown Was obtained whed\E,=153 meV. This is in good agree-
in Fig. 2 (open squarésBecause. depends linearly on the ment with the activation energy of the electron injection ef-

time of electron injection, the CL intensityvhich is propor- ~ fect, obtained for the same sample from the temperature de-
pendent EBIC measurements78 me\j.°> This activation

energy is also consistent with the thermal ionization energy

2

_
2.5 5 for the Mg acceptor in GaR:*
—_ = The Mg level, containing a trapped injected electron,
‘E 90 En becomes again available for recombination of the conduction
§ = band electrons as this level captures a hole. Capturing a hole
}j s § means a transition of the trapped electron to the valence
g ' é band. The rate of this transition increases with increasing
2 = temperaturé? and we note the existence of the activation
= 10 g energy for a hole capture. The latter activation energy is, in
& fact, AE,, obtained in this work.
. . . , H0.5 é As the rate of hole capture on the Mg level increases, the
0 500 1000 1500 2000 2500 conduction band electrons have more chance for recombina-
Time of electron injection (s) tion through this level. This results in a shortening of the

minority electron lifetime and a slower rate for the square
FIG. 2. Dependence of the maxirf@pen squargdor the room temperature oot of CL intensity at higher temperaturés. inset of Fig.
CL spectra(Fig. 1) on the time of electron injection, and the quadratic fit. 3)
Also shown: dependence of the minority electron diffusion lengiben ’ . L
circles in the same sample on the time of electron injection, and the linear It has to be pointed out that the activation energy for a
fit. hole capture on the Mg level is generally lower than the
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thermal ionization energy for this level. However, the mea-Additional studies are under way to understand the kinetics
surements of persistent photoconductivitypirGaN'"*4im-  of luminescence intensity relaxation to its pre-injection level,
ply that these two activation energies may, actually, be quitafter an electron beam irradiation is stopped.
close to each other, with the difference not exceeding 30 ) ] ) )
meV. This assumption was used in the interpretation of our  11iS research was supported in part by the University of
experimental results. Central Florida, through its in-house grant, th(_a Petrok_—:-um
It has to be also noted that no changes in CL intensityReSearch FundPRF No. 38189-Gp and the National Sci-
were observed im-type GaN. This is another argument for €Nce FoundatiofECS No. 0219546 and ECS No. 0216055

the involvement of Mg levels in the phenomenon of electron

injection. Because the electron injection-induced changes in

minority carrier transport and optical photoresponse were'L. Chernyak, A. Osinsky, V. Fuflyigin, and E. F. Schubert, Appl. Phys.
; - ; Lett. 77, 875(2000.

p,\;egg usly observ?dévlsgahtypel m(f)lr(]acglar be_artr;] epflftaxty 2. Chernyak, A. Osinsky, and A. Schulte, Solid-State ElecttB).1687

( )grown.sanjpe. ;" the role of hydrogen in the effects 509y,

of electron injection is excluded. This is since MBE GaN is 3L. Chernyak, G. Nootz, and A. Osinsky, Electron. L&, 922 (2002.

largely hydrogen fred® 4L. Chernyak, W. Burdett, and A. Osinsky, Appl. Phys. Lefl, 1633

Fina"y’ we would like to stress that while we do not 5§/€IOOBau.rdett A. Osinsky, V. Kotlyarov, P. Chow, A. Dabiran, and L
completely exclude the role of electron beam-induced de- chemyak, Solid-State Electroa7, 931(2003. ' '
fects in the decrease of CL intensiigue to creation of non-  °L. Chernyak, A. Schulte, A. Osinsky, J. Graff, and E. F. Schubert, Appl.
radiative centels we believe that their concentration is in- _Phys. Lett.80, 926(2002. _ _
sufficient for a significant impact. In our previous work we E\.N\;hHé.LéSlTnSt.)l?gI’toMn. #A'GW;?]?J’ g ghg;"rizlégi (;'n g‘;y":)s’ g'u:;:ji?'A';bl
have studied the influence of defect density on minority car- ppys 'Lett77, 1900(2000. ’ o B
rier diffusion length in thick hydride vapor-phase epitaxy 20. Gelhausen, H. N. Klein, M. R. Phillips, and E. M. Goldys, Appl. Phys.
grown GaN filmst® It has been found that the minority car- Lett 81 3747(2002. , _
rier diffusion length in these films shows a several-fold de- ﬁbr\:ispgl}’??(%\gaﬁbf ' Jsce'{: m\ﬁé X. fﬂ?\@glﬁhgkva%s'gsg’cﬁoa ;
crease with the defect density increasing fron§ t§pical Appl. Phys.90, 4032 (2001). ' ' '
for GaN) to 1P cm™2. Therefore, if a significant amount of °W. Gotz, R. S. Kern, C. H. Chen, H. Liu, D. A. Steigerwald, and R. M.
defects was induced by an electron beam in this work, waj':'e;‘:hfirv g"a\tfr-LiC'-HE”)%-'ggnﬂlA(lgSi?\-/ador A Botchkarew. and H
Would_ the_n expect a decreaselin but not its increase as is Morkoc, Ap'p|_' phy's_ LettBo, 14321(1596- o ' '
seen in Fig. 2. 123, 1. PankoveQptical Processes in SemiconductéPsentice-Hall, Engle-
The impact of electron injection on GaN optical proper- mwood Cliffs, NJ, 1971 ' ' '
ties was investigated in bulk MOCVD-grows GaN at vari- sérl\lzl. 1ngE;aS,Semlconductor Devices Physics and Technoldiyey, New
able temperatures. The experimental results provided an aekc_ jonnson, J. . Lin, H. X. Jiang, M. A. Khan, and C. J. Sun, Appl. Phys.
ditional evidence for the relation of the phenomenon of Lett. 68 1808(1996.
interest to the charging of Mg levels. The activation energy,lsl\g-o/g- Reshnikov, P. Visconti, and H. Morkoc, Appl. Phys. Let8, 177
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