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Abstract: p-type conductivity and crystal quality of Mg-doped GaN grown by MOCVD have been improved through opti-

mization of the magnesium flow rate. The hole concentration first increased and then decreased with the magnesium flow

rate while the mobility decreased monotonously. The optimum sample reached a hole concentration of 4. 1X 10" cm

“% and

a resistivity of 1Q » cm. Based on a self-compensation model involving the deep donor Mg, Vn s we calculate the hole con-

centration as a function of magnesium doping concentration N, ,which indicates that the self-compensation coefficient in-

creases with N4 ;the hole concentration first increases with N, and reaches a maximum at N, =4 X 10, then decreases

rapidly as doping concentration increases. XRD also indicate that dislocation density decreased as magnesium flow rate de-

creased.
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1 Introduction

Highly conductive p-type GaN layers are impor-
tant for nitride-based devices such as light emitting
diodes (LED’s) and laser diodes. The achievement of
p-type conductivity''* in Mg-doped GaN marked the
beginning of nitride-based devices'*'. However., p-type
doping efficiencies have remained low, causing low
conductivity and thus hampering the further develop-
ment of GaN-based devices. One reason for the low
doping efficiencies is the large Mg-acceptor ionization
energy of about 150~250meV"™* . The hydrogen pas-
sivation of the Mg acceptors adds to the problem, al-
though this passivation can be removed partially by
thermal annealing'’ or low energy electron beam ir-
radiation (LEEBD ' . In highly doped cases.self-com-
pensation through formation of deep donors is
thought to be the main restriction on the doping effi-
ciency"’ .

During the growth procedure, the doping effi-
ciencies of Mg-doped GaN films are determined by
many factors such as magnesium flow rate, the ratio
between N and Ga (V /[ll),growth temperature,and
the pressure in the reactor. Several groups have indi-
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cated that a proper magnesium flow rate is important

161 which can

for achieving high doping efficiencies
reach a balance between the doping concentration and
the self-compensation effect. We grew a series of sam-
ples with magnesium flow rates from 0. 1 to 1. 4pmol/
min. Hall and XRD measurements indicate that we
have successfully achieved high hole conductivity
(with both high hole concentration and hole mobili-
ty) and improved crystal quality through optimizing
the magnesium flow rate.

2 Experiment

The samples studied were grown on 50mm c-
plane sapphire substrates using a metal-organic chemi-
cal vapor deposition reactor. Trimethyl-gallium (TM-
Ga),ammonia (NH;),and biscyclopentadienyl-mag-
nesium (Cp,Mg) were used as precursors. Hydrogen
(H,) was used as the carrier gas of organometals.
1. 5pm thick Mg-doped GaN films were grown on top
of Zum thick undoped GaN layers. The growth tem-
perature of Mg-doped GaN films was kept at 1000C .
We grew six samples, each with different magnesium
flow rates (from 0.1 to 1. 4pmol/min) , while keeping
V /1 constant and the growth pressure at 13. 3kPa.
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Fig.1 Measured resistivity as a function of temperature on the Cp,Mg flow rate/(pmol/min)
three Mg-doped GaN samples with different Mg flow rates Fig.2 Measured hole concentration and mobility of the six

After growth, the samples were annecaled at
800C in N, ambient for 20min to activate the Mg ac-
ceptor. Hall effect measurements were performed on
the samples using lithographically defined van der
Pauw structures to investigate the electrical proper-
ties. A Ni(20nm) /Au(20nm) bilayer was deposited on
5mm X 5mm square samples by electron beam evapo-
ration. Then the samples with electrodes were an-
nealed in O, ambient for bmin to achieve ohmic con-
tact. We also performed XRD measurements to char-
acterize the crystal quality.

3 Results and discussion

Figure 1 shows the temperature dependent resis-
tivity of the three GaN: Mg samples (labeled A, B,
and C) with magnesium flow rates of 1.4,0.48 and
0. 28pumol/min. The three curves are almost parallel to
cach other in the measured temperature range. By fit-
ting the curve of hole concentrations obtained by tem-
perature dependent Hall measurement (not shown
here), we determined the ionization energy of the
Mg-acceptor is around 170meV, which is in the range
of the reported scales and shows no notable difference
for the three samples. As for the mobility, variable
temperature Hall measurements show that it is — 3/2
times exponentially dependent on temperature when
T>200K, which indicates that the crystal scatter is
the main restriction on the hole mobility in this tem-
perature range.

Figure 2 shows the RT hole concentration and
mobility of the six samples measured from the Hall
effect. The figure indicates that when the Cp, Mg flow
rate increases from 0. 1 to 1. 4umol/min,the hole con-
centration first increases to a maximum of 4.1 X 10"

cm ?

at a Cp,Mg flow rate of 0. 14;mol/min and then
decreases to 6.1 X 10" cm™?. Mobility decreases mo-
notonously from 19. 8 to 6. 99cm?*/(V = s).

We assume that self-compensation by deep do-

nors such as Mg, Vy complexes formed by nitrogen va-

samples with different Mg flow rates

cancy Vy and the substitutional magnesium acceptor
Mg, is responsible for the decreasing hole concentra-
tions at higher Cp,Mg flow rates. That a photolumi-
nescence band near 2. 8¢V originated from deep do-
nor-acceptor pair transitions indicates the existence of
Mg, Vi '*™
prove a considerable open volume of Mg, Vyx in heavi-

and positron annihilation experiments

ly Mg-doped GaN'"'. Based on the self-compensation
model given by Kaufmann et al., we calculated the
self-compensation coefficient and hole concentration
as a function of magnesium doping concentration.

Considering self-compensation by Mg, Vi, hole
concentration versus doping concentration can be ob-
tained by the following equations:

__2cN,+ K +«/(ZCNA + K)’
2 4

+ KNA,(1 - 3¢)

(D
3 \/— ’
= i(&) y 1+/1+ aNee/ N (2)
3\ Ncce 1+/1+aNa/Nu

c is the self-compensation coefficient and defined as
¢ = Np/Na,where Np is the concentration of Mg, Vy
and N, the magnesium concentration. N, of our sam-
ples is obtained by linear interposition of Tokunaga’s
results under the same growth condition'". K = 1/
AN exp(— EA/kT) and « = 4Bexp(E./kT) ,where f3 is
the valence band degeneracy factor, N,, the tempera-
ture dependent vb density of states,and E, the accep-
tor activation energy. Ncc is a fit parameter intro-
duced to simplify the calculation, which equals the
value of the doping concentration when complete
compensation occurs.

Here we use E, =170meV,B=3.6,and Ncc =5. 1
X 10* em™*, which is obtained from fitting with six
experimental points.

The results are shown in Fig. 3. The self-compen-
sation coefficient increases monotonously with mag-
nesium concentration;the hole concentration first in-
creases proportionally with increasing N, ,reaches a



% 8 M Zhang Xiaomin et al.: Optimization and Analysis of Magnesium Doping in MOCVD Grown p-GaN 1477
10° 410 8 24
2 ] 2 422
2 102 1 4
g10 ot _ L 20
S 1 38 5 118 <
S 107 1 = T 116 2
2 410 '3 2 6t 1is4
] E 5 = =
£ 10° 1 3 a 28
g‘ | 10'5 = S 5 10 S
3 T B . " 1 ~
Q -8 3
::,2 10 ] /; 48
e} ] 16
ool vl el bl g 4L I 1 1 1 1 1
107 10 10 102 102 02 04 06 08 10 12 14

Mg-concentration N,/cm™

Fig.3 Calculated hole concentration and self-compensation co-
efficient as a function of doping concentration

maximum at N,=4 X 10" ,and then decreases rapidly
as magnesium concentration increases. The influence
of self-compensation is negligible at low or moderate
doping levels,i.e. ,lower than 10 cm™, but becomes
increasingly significant when N, becomes comparable
with Nec.

In Fig. 3,the curve of the hole concentration can
be divided into two regions:the left region before the
turning point and the right region after it. From cal-
culation we found the left region to be much less sen-
sitive to N¢c than the right. Therefore, even though
there are few experimental points in the left region,
the curve is relatively valid for the whole region. The
Mg concentrations were estimated from the Mg flow
rate, which may lead to some errors in our results.
However, the shape of the curve in Fig. 3 will not
change too much in this case, which also reflects the
tendency of the Mg doping at p-GaN influenced by
formation of Mg, Vn complexes.

Figure 4 shows full width at half maximum
(FWHM) of /20 X-ray diffraction curves of the
three samples. The FWHMSs of the (002) and (102)
faces decrease quickly when the Mg flow rate decrea-
ses from 1.4 to 0.48umol/min, and then decrease
slowly as the Mg flow decreases to 0.28umol/min,
which indicates lower dislocation densities and im-
proved crystal quality with lower doping levels. The
results also indicate when the Mg flow rate is below
0. 48umol/min, the influence of the Mg doping level
on the crystal quality becomes less important. Better
crystal quality can also be reflected from better hole
mobility,as shown in Fig. 2.

4 Conclusion

We have obtained relatively high hole conductiv-
ity and crystal quality by optimizing the magnesium
flow rate during growth of p-type GaN by MOCVD.
The resistivity of the optimized sample reached 1 *

Cp,Mg flow rate/(pumol/min)

Fig.4 Cp;Mg flow rate dependence of FWHM of (002) and
(102) faces of the GaN films

cm and the hole concentration reached 4.1 X 10"
cm ™ ?. XRD results showed that the crystal quality im-
proved as the magnesium flow rate (doping level) de-
creased. Self-compensation by Mg, Vy complexes may
be responsible for the low hole concentrations in
heavily doped cases. The results of calculation indicate
that at lower doping levels, the self-compensation co-
efficient is negligible and the hole concentration in-
creases proportionally with doping concentration. The
self-compensation coefficient becomes increasingly
significant in high doping levels and leads to the hole
concentration decreasing rapidly with increasing do-
ping concentration.
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