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Substitutional diffusion of Mg into GaN from GaN/Mg mixture
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We evaluated Mg diffusion into GaN from GaN/Mg mixture. The diffusion depth of Mg
increased with diffusion temperature from 1100 °C to 1300 °C, whereas the Mg concentration
remained constant at 2-3x10'® cm™ independent of temperature. The estimated activation energy for
Mg diffusion was 2.8 eV, from which the substitutional diffusion mechanism was predicted. Mg-
diffused GaN samples showed p-type conductivity with a maximum hole mobility of 27.7 cm?V-!s!,
suggesting that substitutional diffusion contributes to Mg activation. This diffusion technique can be

used to easily form p-type GaN and has potential as a p-type selective doping technique.

Gallium nitride (GaN) is one of the most promising materials for high-power devices owing
to its excellent physical properties such as high breakdown field and high saturated electron velocity.'~
3 It has already been commercialized for lateral devices such as high-electron-mobility transistors,
which are expected to become increasingly popular. On the other hand, the technique of fabricating
vertical power devices has not been as well established as that of fabricating lateral ones because there
are still many unresolved issues specific to GaN.* In particular, the selective formation of p-type GaN
(p-GaN) by Mg ion implantation (Mg I/I) is extremely difficult, which is one of the most important
issues that should be resolved for device fabrication.

The problem with Mg I/I often reported is the formation of various defects before and after
annealing. During Mg I/1, implanted Mg forms large amounts of Ga vacancy (Vga) and N vacancy (V'n)

-0 Moreover, during annealing at about 1000 °C, these vacancies aggregate to form

complex (Va/n).
clusters such as (VgaVn)3, which act as carrier trapping and scattering centers.” 7 In addition to the
formation and clustering of vacancies, implanted Mg segregates and is not adequately activated as an
acceptor.®? Therefore, to control p-type conduction, the repair or suppression of these defects is
essential.

Over the past few years, ultrahigh-pressure annealing (UHPA), which can stably anneal GaN

at high temperatures by increasing pressure, has attracted considerable attention as an activation
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process for Mg-ion-implanted GaN.'*'®) Mg-ion-implanted GaN annealed at 1480 °C under 1 GPa
showed excellent p-type conductivity with comparable mobility to p-GaN fabricated by metalorganic
vapor-phase epitaxy (MOVPE).* ') This is because annealing at such a high temperature easily repairs
defects such as vacancy clusters and Mg-segregation defects.”'¥) Furthermore, the edge termination of
the GaN p-n junction by Mg I/l and UHPA has been reported,'>~'® and UHPA has contributed to the
development of GaN power devices from the fabrication of the p-GaN region to its application.
However, a high-pressure process should be avoided from an industrialization standpoint, and a
process that can be completed at atmospheric pressure is desired. As a non-UHPA approach, various
Mg I/I techniques, such as channeling, high-temperature, and vacancy-guided implantation techniques,

17220 However, as long as ions are implanted,

have been reported to suppress the introduction of defects.
annealing at temperatures lower than 1300 °C does not completely repair defects, and it seems difficult
to fully activate Mg without UHPA. Thus, it is valuable to investigate Mg doping methods without Mg
/1.

As an alternative doping method to Mg I/1, the diffusion method is most promising. Here,
the diffusion method refers to doping on surfaces containing high dopant concentrations. Pan et al.
have obtained p-GaN by vapor-phase diffusion at 1100 °C for 1 h.?") However, the hole mobility in p-
GaN was 13 cm?V-'s™! at a hole concentration of 3x10'5 cm™ at room temperature, which is lower than
the mobility of about 25-30 cm?V-'s™! in epitaxially grown p-GaN with a similar hole concentration.™
2223 Additionally, the activation energy (E,) for Mg diffusion was estimated as 1.3 eV. According to
Wahl et al., E, for Mg interstitial diffusion was estimated as 1.3 eV by a f~ emission channeling
technique.”® This suggests that the mechanism of vapor-phase Mg diffusion is interstitial-dominated
diffusion.

For efficient Mg activation, substitutional diffusion should be dominant. The substitutional
diffusion needs the following two factors: the introduction of some Ga vacancies and a higher diffusion
temperature. The introduced Ga vacancies enhance Mg substitutional diffusion but the amount of
vacancies should be “moderate” without the formation of Mg-segregation defects or vacancy clusters.
An increase in diffusion temperature is necessary to make substitutional diffusion dominant because
E, for substitutional diffusion is greater than that for interstitial diffusion. As a Mg-diffusion source
that has these factors, we focus on a GaN/Mg mixture (MgGaN) layer, which is formed by annealing
Mg deposited on GaN at about 800 °C in nitrogen atmosphere.” > During this annealing, not only
Mg diffuses from the Mg layer into the GaN layer, but Ga also diffuses from the GaN layer into the
Mg layer.?” This suggests that Ga vacancies are introduced into the GaN layer. According to Wang et
al., most of the Mg that diffused into the GaN layer is not activated,’® but if the diffusion temperature
is further increased, the Mg in the introduced Ga vacancies is likely to be activated; fortunately, the

diffusion temperature can be easily increased by depositing a protective film such as AIN on MgGaN.

In this paper, we report the Mg diffusion process for p-type GaN formation using MgGaN and the
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evaluation of Mg-diffused GaN.

Unintentionally doped Ga-polar GaN (UID-GaN) was grown on n-type freestanding GaN
substrates with dislocation densities of about 2x10° cm2 by MOVPE. Carbon, oxygen, hydrogen, and
silicon in UID-GaN are at background levels or lower than 10'® cm™. A 50-nm-thick Mg layer was
deposited on UID-GaN by electron beam deposition [Fig. 1(a)]. GaN with Mg was annealed at 800 °C
for 5 min in nitrogen atmosphere at 1 atm. A MgGaN layer and an unintended MgO layer were formed
by this annealing [Fig. 1(b)]. The MgO layer was removed with hydrofluoric acid. A 300-nm-thick
AIN protective film was deposited by MOCVD at 500 °C to suppresses the decomposition of surface
GaN during subsequent annealing [Fig. 1(c)]. GaN layers covered with MgGaN and AIN were
annealed at 1100, 1200, and 1300 °C for 1 and 5 min, respectively, in 1 atm nitrogen atmosphere. The
MgGaN and AIN layers were removed by immersing the samples in tetramethyl ammonium hydroxide
(TMAH) at 80 °C for 2 h [Fig. 1(d)]. In this paper, the first annealing at 800 °C and the subsequent
diffusion annealing above 1100 °C are referred to as pre-annealing and drive-in, respectively. The
temperature (T) and duration (t) progressions of drive-in are shown in Fig. 1(e). Mg and H
concentrations were evaluated by secondary ion mass spectroscopy (SIMS) from the frontside. The
diffusion coefficients of Mg were calculated from the SIMS profile.

Figures 2(a) and 2(b) show the Mg concentrations after drive-in at various temperatures for
5 and 1 min, respectively. Figure 2(a) also shows H concentrations. The Mg distribution can be divided
into two regions: region I, shallower than about 80 nm from the surface, and region II, the region
deeper than region I. In region I, Mg concentrations were higher than those in region II and ranged up
to about 10%° cm3; the exact Mg concentration near the surface could not be determined since the
SIMS measurements were performed from the frontside containing a high Mg concentration. Region
I shows a similar Mg distribution to the MgGaN layer, which is annealed at 800 °C for 5 min, in Ref.
26. Therefore, region I is considered to be the MgGaN layer or region strongly affected by the MgGaN
layer. In region II, Mg concentrations remained constant at 2-3x10'® ¢m= independent of drive-in
temperature and duration, whereas Mg diffused deeper into the GaN layer with increasing drive-in
temperature and duration. Mg in region II diffused from region I, but the gradient of concentration in
region II was smaller than that in region I, indicating that the diffusion mechanisms of regions I and
IT are different. In only one sample after drive-in at 1100 °C for 1 min, an atypical Mg distribution was
observed in region II at depths from 150 to 450 nm. This atypical Mg distribution was observed in
multiple measurements but showed no reproducibility, which may be a measurement problem.

In region I, the H concentration is partially as high as the Mg concentration [Fig. 2(a)]. Mg
reacts well with H>O, and the H in region I probably originates from the unintentional moisture on the
surface during pre-annealing. Similar results were reported in Ref. 25, which shows the H
concentration in MgGaN. On the other hand, the H concentration in region II also correlates with the

Mg concentration, but H is below 10 % relative to Mg at any depth. The relationship between H and
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Mg is contrary to previous reports. In epitaxially grown p-GaN, H is 100 % relative to Mg because the
formation energy of Mg—H complexes is lower than that of Mg on Ga sites.”* > In Mg-implanted p-
GaN after UHPA, Mg—H-related diffusion has also been reported; H contamination is attributed to
unintentional moisture in high-pressure atmosphere.'’) Thus, in this experiment, Mg diffusion is
considered to be different from Mg—H-related diffusion, although the cause of the correlation between
H and Mg is unclear. In the later discussion, it is assumed that Mg diffusion is not induced by H.

To determine the Mg diffusion mechanism, Mg diffusion coefficients of regions I and II
were calculated. We refer to the dominant diffusion mechanisms in regions I and Il as mechanisms I
and II, respectively. In the calculations for each mechanism, Fick's Eq. (1) was numerically solved:

aC(x,t) 0 (D aC(x,t))
at  ox 0x ’

ey

where D is the diffusion coefficient and C is the concentration. The boundary conditions were set
to maintain a constant level of the Mg-diffusion source from the MgGaN layer [C(x,,t) = C;] and
zero Mg concentration at points much farther away [C(oo,t) = 0]. x, is defined by the Mg-peak
point of SIMS profiles and C; is the constant surface concentration. As for mechanism I, since the
topmost-surface concentration in SIMS profiles is not accurate, diffusion coefficients could not be
obtained. For the calculation of mechanism II, because a simple Fick's Eq. (1) could not reproduce the
experimental values, Eq. (2) was introduced to the calculation 2%
c\Y
p=0(g) . @

where D; is the diffusion coefficient at the surface (x,) and y shows the concentration dependence.
Equation (2) is used when the diffusion coefficient varies with the dopant concentration. In this
calculation, y = 1 was applied. Figure 3 shows the calculated and experimental values of the sample
after drive-in for 5 and 1 min. Diffusion coefficients were fitted from SIMS profiles. The calculated
values of mechanism II correspond to the experimental values. However, the region with a Mg
concentration below 10'7 ¢m™ could not be reproduced by calculation under all conditions; a different
diffusion mechanism may occur near the diffusion edge.

Figure 4 shows the temperature dependence of the diffusion coefficient for mechanism II.
The diffusion coefficient increased exponentially, and the pre-exponential factors Dy and E, of
mechanism I were estimated as

D = Dyexp (— ﬂ) , 3
kT

where £ is the Boltzmann constant and 7 is the drive-in temperature. E, and D, were estimated as
2.8 eV and 2.8 X 107 cm?s’!, respectively. There are many experimental and simulation reports on the
relationship between the £, and diffusion mechanism of Mg in GaN, which are summarized as follows:

E., of interstitial diffusion is less than 1.3 eV and that of substitutional diffusion is more than 1.9 eV.2"
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24,26, 29-33)

Although this classification does not consider whether it is Mg or Mg—H diffusion, the high
E, of 2.8 eV suggests a substitutional diffusion mechanism.

The dominance of substitutional diffusion in GaN implies that Mg and Ga vacancies are
substitutionally diffused. Moreover, in Fig. 4, the measured and calculated Mg diffusion coefficients
in this experiment (red circles and line, respectively) are much higher than those in the other

21, 30. 3435) The substitutional

fabrication methods such as MOVPE, vapor-phase diffusion, and I/1.
diffusion related to Ga vacancies and the considerably high diffusion coefficient may lead to
excessively high Ga vacancy concentrations and their evolution into defects that inhibit Mg activation.
To evaluate Mg activation in this experiment, Hall-effect measurements were performed at 27 °C, and
all samples were found to show p-type conductivity. In particular, the carrier concentration and hole
mobility of the sample after drive-in at 1300 °C for 5 min were 6.4 X 10'° cm™ and 27.7 cm?V-'s™!,
respectively; the p-GaN depth nm defined as v/2Dt is 428. The hole concentration and mobility are
similar to those of MOVPE p-GaN with a Mg concentration of 3.2x10'® cm=,>?) which proves that
diffused Mg is activated as an acceptor. Therefore, the Ga vacancies, which are assumed to be involved
in substitutional diffusion, are not involved in the formation of defects that inhibit Mg activation.
Rather, from the observed high Mg activation, the Ga vacancies likely contribute to Mg activation on
Ga sites. Such Ga vacancies are considered to be introduced into region I during pre-annealing for
MgGaN formation. This is because pre-annealing formed not only a Mg source, but also Ga vacancies
in region I of the GaN layer; Ga easily diffuses outward, and the formation of Ga vacancies has also
been observed when Al,O;3 or SiO> is deposited and annealed on GaN.?>*% 37 In the subsequent drive-
in, Ga vacancies and Mg seem to diffuse into region II from region I, and the condition of Ga vacancies
may be ideal for the diffusion and activation of Mg.

In summary, we have established a Mg diffusion technique using MgGaN for p-type doping.
Mg diffused at temperatures of 1100-1300 °C for 1 and 5 min. The diffusion depth of Mg increased
with diffusion temperature, whereas the Mg concentration remained constant at 2-3x10'% ¢m
independent of temperature. £, for Mg diffusion was estimated as 2.8 eV, suggesting that substitutional
diffusion is dominant. Moreover, Mg-diffused GaN samples showed distinct p-type conductivity with
a maximum hole mobility of 27.7 cm?*V-'s’!, which proves that diffused Mg is activated as an acceptor.
Thus, this Mg diffusion technique can be used to easily form p-type GaN, and the temperature required
for p-type formation is expected to be significantly reduced; the reduction in temperature facilitates
the annealing process at atmospheric pressure. Although the Mg diffusion technique using MgGaN

requires further investigation, it has excellent potential as a selective p-GaN fabrication technique.
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Figure captions

Fig. 1 (Color online) (a)—(d) Mg diffusion process. (¢) Temperature and duration progressions of drive-

in.

Fig. 2 (Color online) Depth profiles of Mg concentrations at various drive-in temperatures for (a) 5

and (b) 1 min obtained by SIMS. (a) also shows H concentrations.

Fig. 3 (Color online) Depth profiles of Mg after drive-in at various temperatures for 5 and 1 min, and

calculated curves of various drive-in conditions.

Fig. 4 (Color online) Diffusion coefficients obtained in this work and previous study. The red line

shows Arrhenius Eq. (3), where E, and Dy are 2.8 eV and 2.8 X 1073 cm?s™!, respectively.
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