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Optical and Electrical Properties of GaN:Mg Grown by MOCVD"
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Abstract: Mg-doped GaN layers prepared by metalorganic chemical vapor deposition were annealed at temperatures be-
tween 550 and 950C . Room temperature (RT) Hall and photoluminescence (PL) spectroscopy measurements were per-

% and a

formed on the as-grown and anncaled samples. After annealing at 850°C ,a high hole concentration of 8 X 10" cm ™
resistivity of 0. 8Q ¢« cm are obtained. Two dominant defect-related PL emission bands in GaN: Mg are investigated; the
blue band is centered at 2. 8¢V (BL) and the ultraviolet emission band is around 3. 27e¢V (UVL). The relative intensity of
BL to UVL increases after annealing at 550°C , but decreases when the annealing temperature is raised from 650 to 850C ,
and finally increases sharply when the annealing temperature is raised to 950C . The hole concentration increases with in-
creased Mg doping,and decreases for higher Mg doping concentrations. These results indicate that the difficulties in achie-

ving high hole concentration of 10" cm™? appear to be related not only to hydrogen passivation, but also to self-compensa-
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tion.
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1 Introduction

Well controlled p-type doping is one of the fore-
most obstacles in the progress of device development
of [[[-nitrides for fabricating visible and ultraviolet
light-emitting devices. Low energy electron-beam ir-
radiation'’ or thermal annealing in N, atmosphere'*!
is necessary to obtain significant hole concentrations
for GaN grown by metal-organic chemical vapor dep-
osition (MOCVD). Although the underlying mecha-
nism for these activation processes is not yet fully un-
derstood,it is widely believed that hydrogen impuri-
ties created in the growth passivate Mg acceptors by
forming Mg-H neutral complexes. Observation of a lo-
cal vibrational mode (LVM) for the Mg-N-H complex

[3]

by infrared (IR) absorption'” and Raman scatter-

ing“:
for this hypothesis. Therefore,a postgrowth treatment
is required to activate the Mg acceptors through disso-
ciation of Mg-H complexes.

However,there is strong evidence that p-type do-

in as-grown samples gives convincing evidence

ping of GaN is a more complex process and Mg-H
complexes may not be the only passivating cen-
ters-** . Theoretical calculations predict that nitrogen
vacancies are the dominant point defects in p-type
GaN because of their low formation energy-®" . More-
over,due to the high Mg ionization energy, high do-

ping concentrations in the 10" cm™® range are re-
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quired to achieve hole concentrations in the low 10"
® range. Saarinen et al . applied positron annihila-
tion spectroscopy (PAS) to identify Mgg,-Vy comple-
Xes as important compensating centers in Mg-doped
GaN layers™ . Despite that, we still lack an under-
standing of the defects responsible for determining
the electrical and optical properties of Mg-doped GaN
layers.

In this work,we perform Hall and photolumines-

cm

cence (PL) spectroscopy measurements of Mg-doped
GaN: Mg layers prepared by MOCVD. Two closely
connected effects are observed. First,;a RT PL band
peaked around 2. 8¢V dominates the PL spectra. Sec-
ond,the hole concentration as a function of Mg con-
centration reaches a maximum value. The stability of
defects in heavily Mg-doped GaN layers is also inves-
tigated. The role that Fermi level plays on defect sta-
bility in p-type GaN:Mg layers is taken into account.

2 Experiment

p-type GaN: Mg layers were grown on sapphire
substrate using a horizontal MOCVD reactor. Trime-
thyl-gallium (TMGa) and ammonia (NH;) were used
as Ga and N precursors, respectively, and bis-cyclo-
pentadienyl magnesium (Cp,Mg) as the p-type doping
source. First,a 4pm semi-insulating GaN (n<C5X 10"
cm™?) layer was grown on sapphire followed by a
1.5um GaN: Mg layer at 1040C. The mole ratio of
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160 grown sample, which was previously attributed to do-
L(b) nor-acceptor pair (DAP) emission involving a shallow
B8 donor of unknown origin and a Mg acceptor'®’ . After
_er annealing,the intensity of this DAP emission band is
Z 154 F decreased by one order of magnitude and the peak po-
Q
Eqsp b sition gradually shifts to 3. 27¢eV (UVL). The shift in
= L . .
2 150k the peak position may be explained by the reduction
| of potential fluctuations'®’ as a result of screening
gar from the carriers. A third band with a peak around
E . . . .
2 30 2.8eV (BL) is observed and the intensity of this peak
20 F changes significantly after annealing. To clearly dem-
10 L onstrate the change of the intensity of the observed
Y A peaks, Figure 1 (b) shows the relative intensity of BL
0 1020 30 40 600 800 1000 to UVL (BL intensity/UVL intensity) as a function
of annealing temperature (T).BL intensity/UVL in-
Fig.1 (a) PL spectra for GaN: Mg layer before and after an-

nealing at different temperatures; (b) Relative intensity of BL to
UVL as a function of annealing temperature

Cp:Mg to TMGa ([Cp,Mg]/ [TMGa]) varied be-
tween 0. 004 and 0. 015. To achieve p-type character-
istics in the GaN: Mg layer, rapid thermal annealing
(RTA) was carried out under various conditions. A
one-step RTA process was performed on the samples
prepared with a [Cp,Mg]/[ TMGa] ratio of 0. 0065 at
temperatures of 550,650,750,850,and 950C in N, at-
mosphere for 20min. The samples were studied by PL
and RT Hall measurements in the as-grown condition
and after each annealing step. Photoluminescence was
excited with the 325nm line of a He-Cd
(10mW).

laser

3 Results and discussion

Figure 1 (a) shows the typical PL spectra at 295K
of GaN:Mg layers before and after annealing at dif-
ferent temperatures. The peak centered at ~ 3. 5eV
corresponds to the band edge emission of the underly-
ing GaN layer. An apparent intensity ultraviolet emis-

tensity increases after annealing at 550°C , but decrea-
ses when the annealing temperature is elevated from
650 to 850C , and finally increases sharply when the
annealing temperature is raised to 950C .

The observed change in the PL spectra upon an-
nealing can be attributed to changes in the defect con-
centrations. Prior to annealing, shallow donors are
present in high concentrations,leading to UVL. Upon
annealing at 550C in nitrogen,the shallow donors are
eliminated and the intensity of UVL decreases sharp-
ly.Since the UVL is quenched by annealing at a rela-
tively low temperature of 550°C ,it must involve a do-
nor that has a high diffusivity. One possibility is hy-
drogen,which has a high diffusivity in GaN and has
been predicted to be a donor''’. IR absorption"*' and
Raman scattering data""’ show clear evidence that H-
related complexes are present in as-grown GaN: Mg
layers. The BL that becomes dominant upon annealing
has been previously attributed to deep donor shallow
acceptor (DDAP) emission, where, in this case, the
donor is deep and the acceptor is shallow™’.

Figure 2 shows the hole concentration and resis-
tivity in GaN ;Mg layers annealed at different temper-
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Fig.3 Dependence of the intensity of the PL bands (a),and the
hole concentration of GaN:Mg layers on [Cp,Mg]/[ TMGa] ra-
tio (b)

atures. The layers show poor p-type conductivity be-
fore annealing. Thermal annealing from 550 to 950°C
for 20min has no obvious effect on our GaN:Mg lay-
ers with high crystal quality, as demonstrated by X-
ray diffraction.

After annealing at 550C , the hole concentration
and the resistivity change little. As the annealing tem-
perature increases from 550 to 850C , the hole concen-
tration continuously increases from 10" cm™? to 8 X
10" cm™? and the resistivity decreases from 9 to 0. 8Q
« cm. However.the hole concentration drops dramat-
ically after the annealing temperature is raised to
950C ,and the resistivity increases to 40 * cm.

Figure 3(a) shows the dependence of the intensi-
ty of the PL bands, and Figure 3(b) shows the hole
concentration of GaN: Mg layers on the [ Cp,Mg]/
[ TMGa] ratio. The p-type GaN: Mg layers under in-
vestigation were annealed at 750C for 20 min. The
increment of the [Cp,Mg]/ [ TMGa] ratio corre-
sponds to the increase in Mg doping concentration'!’ .

The data in Fig.3 (b) show that initially the hole
concentration increases as Mg doping increases, but
decreases later for higher Mg doping concentrations.
The resistivity shows the opposite trend. The difficul-
ties in achieving high hole concentration above 8 X
10" cm™® and low resistivity below 0. 8Q * cm appear
to be primarily related to self-compensation of
Mg'#) . As indicated in Fig. 3 (a).for moderately Mg-
doped p-type GaN,the UVL is seen as a weak peak,

DDAP

Mgg,

Fig. 4
observed in Mg-doped GaN D indicates the donor state, and

Schematic energy band diagram to illustrate the peaks

DD indicates the deep donor state.

compared to the BL. For heavily Mg-doped GaN,
however,the UVL quenches, and the BL dominants
the spectra. It seems that the intensity of the BL,is
not directly related to the p-type conduction mecha-
151, but increases as the Mg doping concentration
increases. This band has therefore been assigned to

nism

the recombination involving isolated Mg acceptors
and deep donors presumably induced by self-compen-
sation. A candidate for the deep donor is Mgg, associ-
ated with a nitrogen vacancy (Vy),which is the only
native defect with a relevant concentration in p-
GaN'"',and has the opposite charge of Mgg,. Thus,
neutral Mgg,-Vy complexes are expected to form. At a
growth temperature around 1000C the constituents
are oppositely charged and Vy is mobile.

After thermal annealing at 550~850C the Mgg,-
Vyx complexes dissociate and Vy migrates to the sur-
face. As a result, the hole concentration increases,
while the intensity of BL decreases,as shown in Figs.
1 and 2. The Mgg,-Vn complexes are observed in as-
grown MOCVD GaN: Mg, but not in the material
grown by MBE" . The relevant difference is related
to the presence of hydrogen in the growth environ-
ment. The as-grown MOCVD GaN: Mg commonly
shows poor p-type conductivity because Mg acceptors
are passivated by hydrogen. A postgrowth thermal an-
neal is required to activate the Mg acceptors and ob-
tain significant hole concentration, as illustrated in
Fig. 2. Hydrogen is absent in the MBE growth and the
as-grown material already possesses well p-type con-
ductivity. These results suggest that the Mgg,-Vy com-
plexes are stable at the growth temperature around
1000C only if the Fermi level is close to the midgap;
otherwise the complexes dissociate. Thereby,as shown
in Figs. 1 and 2, when the annealing temperature is
raised from 850 to 950°C ,large amounts of Vy are ex-
pected to form. As a consequence, the net hole con-
centration drops, and the Fermi level moves away
from the maximum of the valence band,which results
in the formation of Mgg,-Vy complexes again. Based
on the analysis above,the dramatic increase in the in-
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tensity of BL in Fig.1 is understandable.

In summary, Figure 4 shows a schematic energy
band diagram to illustrate the DAP peak (UVL) and
DDAP peak (BL) observed in Mg-doped GaN layers.
The shallow donor responsible for UVL is attributed
to hydrogen,whereas the deep donor defect responsi-
ble for BL is attributed to nitrogen vacancy complexes
associated with Mg acceptors.

4 Conclusion

After annealing at 850C ,a high hole concentra-
tion of 8 X10"cm™° of and a resistivity of 0.8Q * cm
are obtained. PL and Hall results on Mg-doped GaN
layers indicate that the difficulties in achieving higher
hole concentration appear to be related to self-com-
pensation and hydrogen passivation. The observed de-
pendence of the relative intensity of BL to UVL on
annealing temperatures can be explained in terms of
hydrogen donors. Upon annealing,the hydrogen relat-
ed DAP defects dissociate and the associated lumines-
cence band quenches, whereas Mg acceptors are acti-
vated and hole concentration increases. There is evi-
dence that deep donors, which are assigned to Mgg,-
Vx complexes, are formed as the Mg doping concen-
tration increases. The Fermi level position may be a
critical factor in the stabilization of Mgg,-Vx comple-
xes. When the Fermi level position is near the maxi-
mum of the valence band, resulting from high hole
concentration, Mgg,-Vy complexes are not stable,and
dissociate after annealing between 550 and 850C .
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