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Mg-&-doping in GaN and AlGaN epilayers has been investigated by metalorganic chemical vapor
deposition. It was demonstrated through electrical, optical, and structural studies thatidbing
improves not onlyp-type conduction, but also the overall quality pftype GaN and AlGaN
epilayers. A twofold (fivefold) enhancement in laterdlertical) p-type conduction have been
achieved for GaN and AlGaN epilayers. It is argued that the observed dislocation density reduction
(of about one order of magnitugis due to the growth interruption in the Mg@¢doping duration that
partially terminates the dislocation propagation in the growth direction. Furthermore;:dging

also reduces Mg impurity self-compensation and enhances hole concentrationssiddpgd GaN

or AlGaN. © 2003 American Institute of Physic§DOI: 10.1063/1.1559444

The attainment of highly conductivp-type GaN and Van der Pauywmeasurements were employed to measure the
AlGaN remains one of the biggest obstacles for the llI-free hole concentration, mobility, and resistivity of these ma-
nitride research. Recently, we have obtaingdtype terials. Photoluminescend®L) emission spectroscopy was
Al,Ga _,N epilayers withx up to 0.27. A hole concentration employed to monitor the optical emission properties of the
of about 710 cm™3 and mobility of 3 cmd/V's at room  grown epilayers.
temperature have been achieved in Mg-dopegl,/Sa, ;N Figure 1 is a schematic diagram of a Medoped GaN
epilayerst It was observed that Mg activation energy in Al- or AlGaN epilayer. As-junction-like doping profile is imple-
GaN increases almost linearly with Al content. At an AIN mented by interrupting the usual crystal-growth mode by
fraction of 45%, the activation enerdy, was estimated to closing the Gaand Al flow and leaving the N (Nk) flow
be about 0.4 eV, and the estimated resistivity is as high agontinuously. The N-stabilized crystal surface is thus main-
2.2x10* O cm. This deepening of the Mg activation energy tained while the Mg impurities are introduced into the
with Al content presents a real challenge for obtaingatype ~ 9rowth chamber, so that an impurity-growth mode results. In
AlGaN with high Al content. this mode, the host crystal does not continue to grow. It is

In this letter, we report our studies of Mgdoping in hoped thqt by_usmg this technique, a;mall fraction of ayall-
GaN and AlGaN epilayers by metalorganic chemical vapo@Pl€ Ga sites in thé-doped plane, typically .1 to .0001, will
deposition (MOCVD). We have shown thas-doping en- P& occupied by Mg impurities.

hances lateral and verticattype conductivities, as well as The enhancement of-type conduction in highly doped
the material quality, of GaN and AlGaN epilayers. GaAs using Sis-doping in GaAs has been demonstrated pre-

GaN and AlGa,_,N alloys (about 1 um thick) were viously for molecular-beam-epitaxy growtti.An order of

grown on sapphiré000)) substrates with GaN buffer layers magnitude enhancement in electron concentration has been
by MOCVD. The growth temperature and pressure wer chieyed in GaAs b)@doping over uniform doping. Thi_s
around 1050 °C and 300 Torr, respectively. The metalorganiIt:eChmq.ue has also been .apphed to GaAs/AIGaAs heterojunc-
sources used were trimethylgalliufiMGa) for Ga and tri- lon fleld—gffect translstors (HFETS  for enhanced
methylaluminum (TMAI) for Al. For Mg-doping, bis- performancé€. Delta doping has been proposed to reduce

. . ‘ L complex-type compensating defects and to increase the
cyclopentadienyl-magnesium (gyg) was transported into

the growth chamber with ammonia during growth. The gaélil -tV)\/I[r)]?Cgo?Lngele(;/gl ilr? IIi;\liln\(/)v\llsne-tk(;aglg-gzliafﬁsceur::lti:;r:ﬁd@uActors
sources used were blue ammonia (J)MHor N, and H, as a P-typ ping

carrier gas. Postgrowth annealing at 950 °C in nitrogen gas

ambient fo 8 s resulted inp-type conduction, verified by

Hall measurements. The Al content of ,&a ,N alloys

were determined by energy dispersive x-ray microanalysis

and x-ray diffraction measurement, as well as by the flow

rates of TMGa and TMAI. The Al contenk} determined by

all three methods agreed within0.02. The Mg-dopant con-

centrations were determined by the flow rate oLbKlpg, as

well as by the secondary ion mass spectroscopy measure- ng —
ments (performed by Charles and Evan Ipdor selective

samples. Atomic force microscopgAFM) and scanning

electron microscopySEM) were employed to examine the Al O, substrate
etch pit densities. Variable-temperature Hall-effestandard

GaN or AlGaN: Mg

v,
x

N\\\\

GaN buffer

FIG. 1. Schematic diagram of Mgdoped GaN or AlGaN, wherd (=15
nm) and P4 denote, respectively, the distance between tamanes and
¥Electronic mail: jiang@phys.ksu.edu the two-dimensional Mg doping concentration.
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FIG. 2. AFM and SEM morphologies of etched surfacepdfpe AlGaN <
epilayers after a 0..%m removal by inductively coupled plasniiCP) etch- E 0.00 7
ing. AFM images of(a) Mg-&-doped andb) uniformly Mg-dopedp-type ~
AlGaN epilayers. SEM images dt) Mg-&-doped andd) uniformly Mg- = _.0.021 ,

dopedp-type AlGaN epilayers. AFM and SEM images reveal that the etch
pit density was significantly reduced in Mgedopedp-type AlGaN com-

pared with uniformly Mg-dopeg-type AlGaN. -0.04 4 7
-0.06 . , ; , !

high p-type doping level of 1.5 10'® cm™2 was achieved in -6 -4 -2 0 2 4 6

ZnBeSe epilayers by-doping’ \)

Recently, by employing S#-doping in the barrier region FIG. 3. (a) Resistivity (o) of representative uniformly Mg-doped and Mg-

of AlGaN/GaN HFET structures, we have observed im_&-dopedp-AIGaN epilayers as f_urjctions_ of _ten_1perature. T_he inset shows
. . he Arrhenius plots of the resistivity, which indicate thatloping reduces

proved dc performance, that '_S’ enhanced maximum Curren’&_he activation energy of Mg acceptors in AlGald) Comparison of “quasi”
reduced Ieakage current, and increased breakdown VOItage VBrtical transport properties of uniformly Mg-doped and Mgopedp-type
Si-6-doped structures over those of uniformly doped dhes. GaN. Etching deptt{0.5 xm) and p-type ohmic-contact geometry were

We have observed thatdoping significantly suppresses nominally i_dentical for the two samples, as accomplished by ICP etching
the dislocation density in GaN and AlGaN epilayers. This is"’md photolithography patterning.
illustrated in Fig. 2, where AFM and SEM morphologies of
etched layers of Mgs-doped and uniformly Mg-doped doped layers. For GaN, we have achieved a room tempera-
Alg oGay o\ epilayers are shown. The results clearly dem-ture p-type resistivity of Mgé-doped p-GaN epilayers as
onstrate a significant reduction of dislocation den&ityetch low as 0.6 A cm (free hole concentration around 2
pit density in 5-dopedp-type Alyo:Ga ofN. The AFM im- X 10 cm™3 and mobility around 5 cAiVs), while uni-
ages shown in Figs.(d) and 2b) indicate that the etch pit formly Mg-doped GaN epilayers typically exhibit @type
density decreased by almost one order of magnitude fromesistivity >1 ) cm. It was observed that the Mgdoping
7.9x10" cm? in the uniformly Mg-doped layer to 0.9 enhances only the hole concentration and induces no changes
X 10" cm 2 in the Mg-6-doped layer. The SEM images in in the hole mobility. Similar results have been obtained for
Figs. 4c) and Zd) reveal a reduction of etch pit density from p-type AlGaN alloys. The typical mobility of thp-type Al-
9.4x10" cm ? in the uniformly Mg-doped to 1.8 GaN alloys studied here is around 5 @Ms and is only
x 10" cm 2 in the Mg-5-dopedp-type Al o:Ga o\ layer.  weakly dependent on temperature; hence, the temperature
The results thus strongly suggest thatloping can reduce variation of thep-type resistivity is attributed predominantly
dislocation density and hence improve the overall materiato the temperature dependence of the hole concentration. We
quality of llI-nitrides in general, which will be extremely thus plot the comparison results of the temperature-
beneficial to the fabrication of optoelectronics and photonicglependent resistivity of uniformly Mg-doped and Mg-
devices, especially UV emitters. We believe that the ob-dopedp-type Alyc/Ga od\ epilayers in Fig. 3, which dem-
served reduction in dislocation density is due to the growtlonstrates a twofold reduction of resistivity at room
interruption in the Mgé-doping duration. Ga or Al atoms are temperature by employing Mgdoping. Furthermore, the
halted durings-doping, which stops the growth of GaN or measured Mg acceptor activation enerdy,) was also re-
AlGaN. It is known that growth interruption generally re- duced from 180 meV in uniformly Mg-dopeg-type
duces the dislocation densities due to the partial terminatioAly o:GaodN to 160 meV in Mgddoped p-type
of dislocation propagation in the growth direction. Aly o G& od\, which may be attributed to the enhanced free

Additionally, Mg-6-doped GaN and AlGaN epilayers ex- hole concentrations in M@g-dopedp-type Aly /Ga odN. We
hibit much improved electrical properties over uniformiy have also carried out preiiminary studies of the vertical trans-
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FIG. 4. Comparison of low-temperatuf@0 K) PL emission spectra of
uniformly Mg-doped and Mgs-doped GaN and AlGaN epilayers.

port properties of Mgs-dopedp-type layers, which are more
critical to the performance of UV emitters. Our preliminary
results obtained omp-type GaN shown in Fig. ®) have
shown that we could obtain a fivefold reduction in vertical
resistivity in Mg-5-dopedp-type layers compared with uni-
formly Mg-dopedp-type layers.

Furthermore, comparison measurements for the PL emi
sion spectra of Mgs-doped and uniformly Mg-doped GaN
and AlGaN epilayers have also been carried out, and th

results are presented in Fig. 4. Based on a previous §tudyf0

we attribute the 3.2-eV¥3.33-e\j emission line seen in Mg-
6-doped GaN (Ad o/Ga& od\) to the recombination between

Nakarmi et al. 3043

doping incorporation of Mg impurities around 20cm™3 is
a routine practice in nitride optoelectronic and electronic de-
vice structures. Self-compensation is more likely under the
condition of high Mg doping levels. During thé-doping
process, however, the Mg impurity incorporation process is
modified compared with that of uniform doping. Since the
Ga(and Al atoms supply is halted, Mg impurities are more
likely to replace the Ga or Al atoms during th&doping
process. This would reduce Mg impurity self-compensation
and enhance hole concentrations in Mgoped GaN and
AlGaN.

It has been demonstrated recently by several groups that
incorporating Mg-doped AlGaN/GaN superlattice structure
into devices could enhance the hole conduction in the lateral
direction?*~*3*However, the enhancement of hole conduction
in the vertical direction by employing a superlattice structure
is limited because a superlattice structure simultaneously in-
troduces potential barriers for hole conduction in the vertical
direction due to the presence of higher-band-gap materials.
On the contrarys-doping does not introduce any potential
barriers in the vertical direction and is expected to enhance
the vertical transport as well as the lateral transport of holes.

In summary, we have demonstrated that Bdeping
enhances the lateral and vertigadtype conductivities, as
well as the material quality, of GaN and AlGaN epilayers.
We have achieved twofold and fivefold enhancements in
p-type lateral and vertical conductivities, respectively, in
GaN and AlGaN epilayers by employing M@doping. It is
expected that Mg-doped layers have higher vertical con-
ductance compared with those of superlattice structures due
to the absence of potential barriers introduced by higher-

SI:Sand-gap material. Th&doping technique represents the ul-

timate control of dopant profiles and is expected to play an
ﬁmreasingly important role in IlI-nitride electronic and pho-
nic devices.
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