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Electron injection-induced effects in Mn-doped GaN

William Burdett, Olena Lopatiuk, and Leonid Chernyak®
Physics Department, University of Central Florida, Orlando, Florida 32816-2385

Martin Hermann, Martin Stutzmann, and Martin Eickhoff
Walter Schottky Institute, Technical University Munich, Am Coulombwall 3, D-85748 Garching, Germany

(Received 22 April 2004; accepted 16 June 2004

Electron injection into Mn-doped GaN resulted in pronounced changes in the minority carrier
diffusion length and cathodoluminescence. In particular, multiple-fold decrease of the band-to-band
cathodoluminescence intensity was observed in the temperature between -50 and 80°C. This
decrease was accompanied by an increase of the minority carrier diffusion length in the material,
measured by electron-beam-induced current. Temperature-dependent cathodoluminescence
measurements revealed a recovery of the cathodoluminescence intensity with an activation energy
of 360 meV. ©2004 American Institute of PhysidDOI: 10.1063/1.1780606

Electron injection into GaN is important fgr-type ma-  the excitation of the sample with the electron beam was con-
terial. Amanoet al® found that highly resistive Mg-doped tinued for the total time of~200 s. EBIC measurements
GaN can be madp type by low energy electron beam irra- were periodically repeate@urves 2,3 to extract the minor-
diation, due of dissociation of hydrogen-Mg complexes. Na-ty carrier diffusion length L as a function of the duration of
kamuraet al? showed that thermal annealing in vacuum orelectron beam irradiation As displayed in the inset of Fig.
in nitrogen also activates Mg acceptémsliyachiet al>and 1, a linear increase df as a function ot was observed in
Peartonet al* suggest that minority electron injection in Mn-doped samples. We have reported a similar behavior in
p-GaN facilitates Mg thermal activation. GaN:Mg? EBIC measurements carried out on undoped GaN

Electron injection intop-GaN—either from theelectron ~ and GaN:Mn layers codoped with Si did not reveal any no-
beamof a scanning electron microscop8EM) or by the ticeable increase dof with t suggesting that both the pres-
application of an external voltage in a solid state €ence of Mn and the position of the Fermi leyehanges with
devic€®—increases the minority carrier lifetime and diffu- Si codoping are important for the observed behavior.
sion length. Consistent changes were observed in the mate- Figure 2 shows the room temperature CL spectra for the
rial's optical signaturé An electronic model was proposed in Mn-doped GaN layer. The full-range CL spectrum is shown
Wh|Ch SUCh Changes were attributed to Charging Of metai.n the r|ght inset. BeSideS a relatively narrow band-to-band
stable centers associated with Mg dopinas no effect was peak, it features a broad luminescence band, which remains
observed im-GaN doped with Silicon. unaffected by electron irradiation and is attributed to defect-

We report on electron injection effects in Mn-doped GaNinduced recombination across the band gap. In contrast, the
epitaxial layers. Our results indicate that these effects can b8tensity of the band-to-band CL, located 867 nm, ex-
observed in GaN doped with any impurity creating deep levhibits a continuous decay with(left inset of Fig. 3. Reduc-
els in the forbidden gap.

Doped and undoped GaN sampl@sum thick) were 0.5
grown by molecular beam epitaxy on sapphire. Doping re-
sulted in Mn concentrations up to $cm™ and almost in-
trinsic layers with resistivity>10° Q cm/”

The experiments were carried oint situ in a Philips
XL30 SEM integrated with a Gatan MonoCL3 cathodolumi-
nescence system allowing wavelength-and temperature-
dependent optical measuremehtsCathodoluminescence
(CL) results were compared with those obtained from the
electron-beam-induced currgiiiBIC) measurements carried
out on the same samples. Detailed description of EBIC ex-
periments can be found elsewhére.

EBIC measurements of GaN:Mn were performed at
room temperature. Figure 1 shows a decay of the EBIC sig-
nal (curve 1 as the SEM beam is moved away from the edge Distance (Hm)
of a 30 nm thick Pt contact evaporated on the sample’s top

surface. After a single EBIC line-scan was comple(ﬁ;ﬁ 9, FIG. 1. Room temperature EBIC signal decay for a GaN:Mn sample as a
function of distance from the Schottky barrier. Curve 1 corresponds to the
initial line-scan, curves 2 and 3 correspondttof 60 and 210 s, respec-
¥Electronic mail: chernyak@physics.ucf.edu tively. Inset:L vst experimental dependence and the linear fit.

ad
>

=
%

N
F*N
T

=
N

=
(23]
T
=
¥

Diffusion length (um)
5

=
=

S
[
=]

50 100 150 200 250
Duration of injection (s)

EBIC signal (Volts)

e
=

<
—
N
w
&
W

0021-8979/2004/96(6)/3556/3/$22.00 3556 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1780606

J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 Burdett et al. 3557
1.4x10° |5
£ =31, 18 S TN S N
=] w2
] =
—~1.2x10" 7. 21
$ ] 'g ol S AN -
= £ o .
= 1.0x10° [~ o o P .
o 0400 500 600 700 800 .
o o Wavelength (nm) FIG. 2. Room temperature cathodoluminescence mea-
~"g 0x10° B surements after different time intervals of electron in-
3} 3 :&én\n 0\ jection. The maximum in spectrum 1 nearly corre-
P [ e QA\ \ 0\ sponds to the preinjection situatigiess than 30 s time
@ 6 0x10° | O\A\‘:‘\ 9 difference. Left inset: Peak CL intensity v& Right
5 V-V VY. \O\O\g\ﬂ\ o inset: Full range preinjection CL spectrugl) and
- , Oig\é\\& N ~2100 s injection spectrurf®).
= 4.0x10° [ 4 S
e X %@%“\nf’\ S
Vot TRR -0,
2.0x10° o-0% ~§=§:§;§f§4
" 1 L 1 L 1 2 1 1
350 355 360 365 370 375 380 385
Wavelength (nm)

tion of the Mn concentration to %109 cm™ (from culated as in Ref. 5 from the Arrhenius plot shown in the
10?° cm™3) did not have any effect on the displayed CL inset of Fig. 3. The factor of 2 before the thermal enekdy
behavior. comes from the two competing factor® dependence on

The minority carrier diffusion length and the band-to- duration of electron injectiop~exp(AEA/KT)] and on tem-
band CL intensity are related via the nonequilibrium minor-peraturel ~exp(—AE/2kT)].° AE, for both competing fac-
ity carrier lifetime 7. L increases linearly with, as seen in tor are close to each other.

Fig. 1, and its dependence on the minority carrier lifetime is  The model summarized in Fig. 4 follows the defect mol-
given by the following expression: ecule picture for MA* in GaN® Initially, Mn impurities are

L=\Dr present in the neutral acceptor state¥rcharacterized by

' two filled e, orbitals and three,, orbitals [left side of Fig.
4(a).] While electrons occupy two of the latter orbitals, the
third one is empty. Recombination of nonequilibrium
which is proportional to the lifetime of carriers in the bnd electron-hole pairs created by SEM electron beam causes the
(larger is the value of, longer is the nonequilibrium carrier band-to-band cathodoluminescence. In addition, electron
stay in the band, and, as a result, lower is the rate of radiativeeam injection can lead either to electron transfer fegrto
recombinatiof, should depend quadratically dn This is, an emptyt,; orbital or, competitively, to direct ionization of
indeed, observed in Fig. 3, where the square root of the inthe Mré* state to M3* [procesq(1) in Fig. 4a)].
verse normalizegwith respect to its initial maximum valjie
intensity, 1712, is plotted versus.

It has been recently shown that Mn forms a deep neutralS
acceptor levelMn®*) in GaN, with only a very small num- '
ber of acceptors being ionizetin2*).2 Si codoping results
in a shift of the Fermi level position towards the conduction
band and to almost complete ionization of Mn acceptors.
Since no dependence of the band-to-band CL an elec-
tron irradiation was found in GaN:Mn:Si samples and un-
doped GaN layers, it can be concluded that the effects ob-
served in GaN:Mn are caused by the presence of neutral Mr
acceptors in the initially nonirradiated samples.

Temperature dependent CL measurements in the rang
between -50°C and 80°C were carried out to further illu-
minate the possible physical origin of the experimental find-
ings. Figure 3 shows the dependencé@f ont at different
temperatures. The slopes of the linear dependencies in Fig.
are the rateRR for CL decrease. Evidently, an increase in
temperature results in a decreaseRpfsuggesting existence FIG. 3. Variable temperature dependence for the square root of inverse
of thermally activated process, which counteracts the eﬁed?ormalized ir)tensity on the time of electron ipjection. The 'rate at every

. " . temperature is obtained from the slope of a linear fit. Inset: Temperature
of electron irradiation, thereby leading to a decreaser.of gependence for the rate of the square root of inverse normalized intensity
The activation energy of 360 meV for this process was caltopen circleg and the fit.

D

where the carrier diffusivityD is unaffected by electron
injection.5 According to Eq.(1), the inverse CL intensity,

0.00248

i 25°C
<50.C

0.00091

0.00034 [oine

°’C

-
W

Rate of '(l)'ll2 '

0.00012

Pz
A
I 0.00005 80 C

16 18 20 22 24
1/QKT) (V)"

2
C

26 28

60 °C

-
()
T

80 °C

(Normalized Intensity)

=
=)

500 1000 1500 2000

Duration of injection (s)

[}



3558 J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 Burdett et al.

(a) Ee (b)

EC FIG. 4. Possible mechanism for the observed electron
injection-induced effects(1) lonization of Mr#* to
Mn?* due to a SEM beam excitation and a consequent

E, =360 meV electron[dashed arrow iiga), left] transition to a vacant

ty; orbital. (2) Band-to-impurity recombination through

. 1.8 eV [8] a vacant MA™" e, orbital [(a), right]. (3) Thermally ac-
tivated hole emissioielectron capturefrom ane; or-
bital of the Mr#** state to the valence band. This leads
to ionization of M#*" to Mn?* and, thus, to a suppres-
sion of (2).

(M (2)
= . 0.3 eV (5]

Mn‘?’;ﬂ= Mn3+* E,=0

In the first case, electron transfer causes generation of Note that a thermally activated hole emission fromean
the energetically higher M#" state(one electron ore; or-  orbital of the Mr#*" state to the valence band is also likely to
bital and three electrons dp, orbitaly, shown on the right occur[process(3) in Fig. 4(a) right]. According to Ref. 8,
side of Fig. 4a). This lead to activation of a nonradiative this process exhibits an activation energy of 300 meV. At the
recombination channgP) via a vacang, orbital and there- same time, the temperature-dependent rate of CL decrease
fore to a decrease in the intensity of the band-to-band cathodbserved in this work shows the activation energy
oluminescence, as is seen in Fig. 2. Here, we have to assum&60 meV. The relatively large difference between the
that the transition(2) in Fig. 4@ dominates over the band- above activation energies indicate that a charge neutral ther-
to-band transition after the electron irradiation is startedmally activated transition from Mi" to Mn3* might occur.
while a recombination through thig, orbitals of the Mi* The obtained results indicate the role of Mn-related
ground statdcf Fig. 4(a), left] is not allowed. Although the states in the forbidden gap. Additional studies are under way
exact reason for this is unclear at the moment, the experito understand the kinetics &fand CL relaxation to the pre-
mental evidence exists. Note that the process of'Mon-  injection levels after an electron beam irradiation is stopped.
ization to Mrf* creates a hole in the valence band and, thusSo far lasting electron injection-induced changes, similar to
would not lead to the observed increase of the minority car#\/lg—dopedp—GaN,F”G were observed.
rier diffusion length. This is because the nonequilibrium
_elect_rons of the conduction bar_ld, inc_iuced by electr_o_n _bearﬂCKNOWLEDGMENTS
irradiation, would then recombine with the nonequilibrium
holes, available in the valence band, leading to a decrease of Support of NSF, PRF, and Deutsche Forschungsgemein-
the nonequilibrium carrier lifetime and in agreement with ~ schaft is acknowledged.
the EqQ.(1). . _ _
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