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Abstract: The diffusion experiment of Al,Ga, N (x = 0.00, 0.04, 0.45, 0.65, 0.86, 1.00) samples using a solid source of
Al,C; layer was performed by low-pressure metalorganic vapor phase epitaxy (LP-MOVPE). The Al,Ga;, N (x=0.45)
samples were proven to be a p-type. In second ion mass spectroscopy (SIMS) analysis, the carbon profile is different from
the simple complementary error function, but is the double of the complementary error function, meaning AIC or AICO
plus C. The diffusion length (L) was drastically decreased by increasing Al. The diffusion coefficient (D) was also

calculated as a function of Al mole fraction.
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1. Introduction

Since AlGa, N based light-emitting diode (LED) has a
wavelength of less than 360 nm, it has been researched for
a long time [1]. However, the maximum external quantum
efficiency (EQE) of Al,Ga; N based-LED with near-UV
(300-340 nm) is less than 8%, and 280 nm deep-UV is less
than 16 %:[2]. The reasons are that it is easily crack, the
p-type doping of Al,Ga;,N is low and it has the high
dislocation density. Especially, the low p-type activation of
Al,Ga; 4N is a serious problem. The activation energy of
Al,Ga; 4N material is dependent on the mole fraction of
AIN in the AlGaN [3]. In case of n-type AlGaN:Si, it is
possible to keep the concentration of free electron (n > 10"
em”) until x = 1. But in case of p-type AlGaN:Mg, it is
hard to exceed for x > 0.33.

On the other hand, theoretical and experimental studies
of carbon (C)-doped GaN have been reported [4-6]. The
optical and electrical characteristics of carbon doping of
non-polar cubic GaN was researched [7]. C-doped GaN
layers were grown by RF-plasma—assisted molecular beam
epitaxy (MBE) on conducting free-standing 3C-SiC (001)
substrate. Tetra-bromine (CBr,) was used as a C source. No
degradation of the phase purity and structural properties of

the C-doped GaN layer are detected up to a C-concentraion
of 10" cm™. The photoluminescence (PL) spectrum of
C-doped GaN sample (C =4 x 10" ¢cm™) was dominated
by a deep-red luminescence band, which appeared at 2.1 eV.
Also, the resistivity of C-doped GaN is more than four
orders of magnitude higher than that of the undoped GaN
layer.

By using C,H, as the carbon source, the incorporation of
carbon into a (1-101) AlGaN facet was researched [8]. A
carbon-related exciton peak and two near-band-edge
emission peaks of the donor bound exciton were analyzed
in the cathode luminescence (CL) spectra at 4.2 K.
C-related band was enhanced by increasing the C,H, flow
rate and the Al composition. In addition, the behavior of
carbon doping on a (1-101) AlGaN facet has been studied
in comparison with that of Mg doping.

Recently, the experimental achievement of a LED
structure with C-doped Al ,7;Gag -3N/u-GaN/Si-doped
Al 10Gag 90N was reported [9]. GaN and AlGaN layers were
grown on a (0001) plane sapphire substrate by a
LP-MOVPE. CBr, was used as C source. P-type
conductivity in C-doped (0001) plane AlGaN layer was
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obtained by Al,Ga, N (x=0.55). The hole concentration of
C-doped Alg10GagoN was calculated in the range of 10"
em”. The electrical activity of the carbon acceptors was
reported to be in the range of 55-71 % for Aly,;Gag 73N
sample.

Our research group has studied Al,Cs;. Atmospheric
metalorganic vapor phase epitaxy (MOVPE) was selected
to grow this material [10]. 2 inch AL,O3 (0001) was used as
a substrate. The growth temperature of Al,C; layer was in
the range of 1000 to 1200 °C. Trimethylaluminum (TMA)
and methane (CH,) were used as source materials. The
results of the experiment were as follow: the bandgap
energy was calculated to be in the range of 3.6-4.3 eV, the
surface color was yellowish, and X-ray rocking curve
diffraction (XRD) spectral angle analyzed 26-@ modes
were 32 and 35 °. Al4C; layer could also be grown on Si
and 6H-SiC substrate by MOVPE and the crystal quality,
the cross-sectional structure and carbon atom were clearly
confirmed [11], which has the same characteristic as Al4;Cs
layer grown on Al,O; (0001) substrate. The growth
experiment was also conducted to find the optimum growth
condition of Al4,C;[12]. The maximum growth temperature
was 1350 °C. The grown Al,Cs surface was darkish color.
The optimal growth temperature was finally confirmed as
1150 °C. In addition, the photo-induced current (PIC) and
its degradation in Al4C;/Al,0; (0001) were reported [13].
Photo-induced current was clearly observed when near-UV
light was incident on an Al,C; surface. This phenomenon
decreased with an increase in wavelength. In the
atmosphere, the yellowish Al4C; surface slowly faded to
white color, and eventually the Al,C; separated from the
Al,O; (0001) substrate. Air oxidation also affected the PIC
in Al4C3/AlLL,O; (0001). The Al4C; alloy is particularly
well-known as an important material in the field of
mechanical engineering [14]. It is hard and resists abrasion.
It crystallizes in the rhombohedral or hexagonal systems.

In our research, Al4C; layer grown by MOVPE is a good
diffusion material which results in a p-type doping in
AlGaN [15]. The diffusion temperatures of Al,C; layer for
Al,Ga; N samples (x = 0.00, 0.04, 0.45, 0.65, 0.86, 1.00)
were 1000 °C and 1100 °C in LP-MOVPE system. The
determination of p- or n-type conduction and
C-concentration along the depth profile was performed by
Hall effect experiment and SIMS, respectively.

2. Experiments

Before starting this experiment, the Al,C; layers were
grown on ALO; (0001) substrate by atmospheric
metalorganic vapor phase epitaxy (MOVPE). This was
performed as follows. The flow rates of TMA = 5-50
pmol/min and CH4 = 22-27 mmol/min. After H, annealing,
which was performed at 1150 °C for 10 min, the growth
was conducted at 1150 °C for 60 min. The Al,C; layer was
about 1 m, and then it was cut into a size of 1 x 1 cm” by a
diamond pen. Al,Ga;,N (x = 0.00, 0.04. 1.00) samples
were also prepared in the usual way: GaN (2
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pm)/buffer-GaN  layer (22 nm)/ALO; (0001),
Alp0sGaggeN (2 Mm)/ buffer-GaN layer (19 nm)/AlLO,
(0001) and AIN (1 pm)/ buffer-AIN layer (15 nm)/Al,O4
(0001), respectively. Al,Ga; N (x = 0.45, 0.65, 0.86)
samples were grown by modified migration enhanced
epitaxy (MEE) method [16]: AlyssGagssN (0.8
pm)/MEE-buffer-AIN layer (0.6 Mm)/Al,O; (0001),
AlpssGagssN - (0.8  pm)/MEE-buffer-AIN  layer (0.6
um)/A1203 (0001) and Al()‘g@GaOAMN (08
Um)/MEE-buffer-AIN layer (0.6 Mm)/ALO; (0001),
respectively. All AlGaN layers were grown with the flow
rate of TMA=10-110 Mmol/min and trimethlygallium
(TMG)= 65-110 pPmol/min. The growth times of GaN,
Aly 04GaggeN, AlgssGagssN, AlgsGagssN, AlggsGag 14N and
AIN layer were 50, 60, 30, 30, 30 and 60 min, respectively.
Also, growth temperature of GaN, AlyoGagosN,
A10A45G3.0A55N, A10A65G30A35N, Al()‘g@GaOAMN and AIN Sample
were at 1075, 1075, 1100, 1160, 1160 and 1160 °C,
respectively.

In this diffusion experiment, the LP-MOVPE system was
used. Al,C; layers were positioned, face by face, on each
Al,Ga; N sample that located on the suceptor. NH; was
supplied at the inlet of the reactor. Two diffusion conditions
were tested. 1. 1000 °C, 40 min, and 100 Torr (called
1000 °C) and 2. 1100 °C, 60 min, and 500 Torr (called
1100 °C). The samples were Al,Ga,\N (x =0.00, 0.04, 0.45,
0.65, 0.86, 1.00) to compare a calculated diffusion
coefficients of C. The flow rate of NH; was 143 mmol/min.
Also, the suceptor was rotated.

The carbon concentration, aluminum composition, the
crystal structure, the depth profile, and the conduction of
AlGaN samples were examined by SIMS, the cathode
luminescence (CL), XRD, Dek-Tak 3030 equipment and
Hall effect experiment, respectively.

Before the diffusion experiment, Al composition of the
Al,Ga; N samples was measured. In case of Aly¢4GagosN
sample, CL and XRD measurement were simultaneously
performed. The CL peak wavelength was detected at 358
nm and full width at half maximum (FWHM) was about 10
nm. Al composition of Al,Ga;,N (x = 0.45, 0.65, 0.86)
sample was confirmed by XRD peak angle.

To perform Van-der-Paw method, Al,Ga; N samples
were cut to the size of 1 x 1 cm® by the diamond pen. Ti (30
nm)/Al (300 nm) was evaporated on Al,Ga; N samples.
Annealing was performed in N, atmosphere at 410 °C for
20 min. On the other hand, Ni (10 nm)/Au (10 nm) was
evaporated on Al,Ga; N samples after the diffusion
experiments and then annealed in N, atmosphere at 520 °C
for 10 min. In Hall effect measurement at room temperature,
a constant current was supplied in each electrodes, and the
intensity of the magnetic field was 0.1 [T].

SIMS analysis was used to confirm the C-diffusion into
Al,Ga; N (x = 0.00, 0.04, 0.45, 0.65, 1.00) samples. The
carbon concentration was estimated by 6H-SiC (0001)
substrate which is already known the number of carbon
composition per cm™.
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3. Result and Discussion
3.1. Hall Effect Measurement

Hall effect measurement was performed for AlGaN
samples without diffusion and diffusion with Al,Cs.

The result of Hall effect measurements were shown in
Table I. Al,Ga, N (x=0.45) samples were n-type
conduction before the diffusion experiment, but n-type
conduction characteristic was changed to p-type conduction
for x=0.45 after the diffusion condition at 1000 °C, except
GaN sample. This fact was also found in Alj45GagssN
sample with diffusion condition at 1000 °C. The hole
concentration (p) was dependent on the thickness of the
sample. Assume 200 nm of p-type AlGaN, the hole
concentration of Alyg,GagosN and Alg4sGagssN samples
with diffusion condition at 1000 °C were evaluated 3 x 10'®
em® and 1 x 10" cm™, respectively. Also, the hole
concentration of Alg4sGagssN sample with diffusion
condition at 1100 °C was calculated 3 x 10'® cm™ [17]. The
assumption of 200 nm is about the thickness of C-AlGaN
(see Fig.2).

28000

21000

14000

Counts Per Second

7000

1 10 100 1000
Depth (nm)
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Figure 1. SIMS analysis of Al versus depth direction. Diffusion condition
is 1000 °C.

However, the mobility of AlGaN samples was complex.
It contains the both concentrations of n- and p-type
conduction, where in p-type, the mobility is changed on the
hole concentration. The mobilities of p-type Aly4sGagssN at
1000 °C and n-type Alj45GagssN was 150 and 91 cmz/V.s,
respectively. The main reason is n-type AlGaN located
under the p-type AlGaN layer formed by the diffusion of
Al4Cs. In addition, it is expected a thin AlC layer formed on
the sample surface. In Alj4sGagosN at 1000 °C, high
C-concentration and Al count per second were confirmed at
40 nm. This phenomenon is different with the result of the
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deeper depth in the sample. The shape of Al count per
second at 200 nm is dominated by the annealing and
diffusion effects, but the deeper one account for the
re-annealing, as shown in Fig.1. Not 91 cm%V.s but 150
cm?/V.s was obtained for this re-annealing of Alj 04GaggsN.

The resistivity of AlGaN samples confirmed as p-type
conduction was estimated in the range of 0.02 ~0.04 Q.cm
at 300 [K]. That is smaller value than LEEBI-treated
Mg-doped GaN layer [18].

The AlGa,,N (x=0.65) samples needs to find the
ohmic contact. For example, the current value of
Al 6sGag 3sN was 10°® [A] for 10 [V] at 1000 °C. The other
samples had current value of 10°~107 [A] for 10 [V],
there is not enough current value in Hall effect
measurement. Also, the GaN sample diffused at 1100 °C
was impossible to conduct the Hall effect measurement.
The reason is the etching, because H,+*NH; etch GaN at
1100 °C [19].

The GaN and AIN samples with diffusion experiment
were n-type and insulator, respectively. GaN and AIN did
not change conductance from n- or semi-layer to p-types,
while the AlLGa_ N (x=0.45) samples with diffusion
condition at 1000 °C did prove these p-type conduction.
The GaN diffused at 1100 °C was an insulator.

3.2. SIMS Analysis

The C-concentration of the AlGaN was profiled by SIMS
analysis. The excavated depth by the SIMS measurement of
Al,Ga; N (x = 0.00, 0.04, 0.45, 0.65, 1.00) samples was
examined by the Dek-tak equipment. Detected depth of
GaN, A10A04G30A96N, A10A45G30A55N and A10A65G3.0A35N Samples
with diffusion condition at 1000 °C were confirmed as 1.8,
0.8, 0.8 and 0.8 um, respectively. Also, etched depth of AIN
sample with diffusion condition at 1100 °C was 0.22 pm.

The C-concentration along the depth of Al,Ga,; N (x =
0.00, 0.04, 0.45, 0.65) and AIN samples were shown in
Fig.2(A) and Fig.2(B). These diffusion experiments were a
surface diffusion plus drive-in as described by Grove [20].
The surface diffusion was represented by the
complementary error function which is described by the
following expression,

X

2Dt M

C(x,t) = C,erfc

Table 1. The result of Hall effect measurement at 300 [K]. The thickness of p-type AlGaN layer formed by diffusion experiment was assumed to be 200 nm.

After Al,C; Diffusion

Al composition Before diffusion

1000 °C, 40 min, 100 Torr

1100 °C, 60 min, 500 Torr

(x) of AliGa; 4N

samples n,p He p n,p Ha p n,p Ha P
(cm?) cm’/Ves (Qecm) (cm?) cm’/Ves (Qecm) (cm?) cm’/Ves (Qecm)

0.00 n=2x10" 362 0.11 n=1x10" 242 0.20 - - -

0.04 n=3x10"" 105 0.19 p=3x10" 102 0.02 X X X

0.45 n=1x10"" 91 0.05 p=1x10" 150 0.04 p=3x10" 3 0.04

- : Not enough current value. x: Not measure
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where x is a measured depth, ¢ is a time, and D is
diffusion coefficient, and C is surface concentration. The
C-concentration graph along the measured depth in
Fig.2(A). There are two slopes of, for example x=0.04, the
deeper one and the shallower one. The shallower one seems
to be the diffusion of AIC or AICO and the deep one is C.
Since the atomic weight of AIC or AICO is heavier than C,
the shallower curve is AIC or AICO. Clearly, it contains Al
atom as shown in Fig.1.

Now, we have to come into diffusion of AIC and AlGaN.
It was known that the carbon atom is hard to diffuse in
AlGaN [21]. By using Al,C; layer as a solid diffusion
source on the AlyGa; N sample, Al and C atoms and AlC,
produced at the AlGaN surface by the sublimation, and this
could simultaneously diffuse into Al,Ga; 4N layer. C atom
was diffused into Al,Ga;,N layer. Consequently, the
formation of Al-C, Ga-C and N-C were produced. Among
these compounds, we strongly expect that ALC, was
formed, because C and Al were easily formed Al,C, rather
than GaC or NC. The phase relation and thermodynamic
model of Al,C; were investigated [22].

The molecular weight of Al,C, was heavier than C atom,
AlLC, diffused slower than C in AlyGa; (N sample. We used
the error function (eq.(1)) to determine the diffusion length.
Also, it was possible that it was just surface atoms. But,
Alyg4GagoeN sample with diffusion length reached the
depth of 28 nm from the surface as shown in Fig.2(A);it is
too deep as a surface atom. C-concentration line analyzed
by SIMS measurement has two diffusion lengths, shallower
and deeper ones. The diffusion length ( L ) of GaN,
A10‘04Ga0‘96N, A10,45Ga0,55N and A10<65Ga0<35N Samples were
1.2 pm, 312 nm, 250 nm, 250 nm, respectively, for the
deeper ones, and O nm, 28 nm, 3 nm, 1.5 nm,
respectively, for the shallower one. The diffusion length of
AIN was supposed 20 nm as shown in Fig.2(B), where
L =2Dt. The theoretical C-concentration of AlGa, N
samples was computed by complementary error function,
and it was marked as black line on the each sample in
Fig.2.
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Figure 2. The concentration of C along the depth of Al.Ga,..N sample (x =
0.00, 0.04, 0.45, 0.65, 1.00). (4) The C-concentration along the depth of
(a) GaN, (b) AlyosGagesN, (c) AlLCs layer formed in AlypsGayosN, (d)
Aly4sGagssN, (e) ALCs layer formed in Aly4sGayssN, (f) AlyssGaossN and
(g) Al,C;s layer formed in Alys5GagssN sample with diffusion condition at
1000 °C, 40 min, 100 Torr. (B) The C-concentration along the depth of
AIN sample with diffusion condition at 1100 °C, 60 min, 500 Torr.

In a measured depth at 200 nm, the surface
C-concentration of GaN and Alj¢4GagosN samples was
about 2 x 10*' cm™ and 9 x 10" em™, respectively. From
this result, not only the concentration of C but also the
diffusion length of C was significantly changed by 4 % of
the Al composition. The diffusion of C is severely protected
by the presence of Al. Another thing is surface atoms.
C-concentration in AlyGagosN sample is almost two
orders of magnitude less compared to those in GaN. This
tendency was also found at Alj45GagssN, AlyesGagssN and
AIN samples as shown in Fig.2. The diffusion length of
Al Ga; N sample was reduced with the existence of Al
atom. Especially, the diffusion depth and length of AIN
sample were 30 and 20 nm, those were very short
compared to the other AlGaN samples with diffusion
experiment at 1000 °C, so we think that Al,C; layer was
hardly diffused in AIN.

AlgsGagssN sample showed an abrupt increase of C
intensity in the range of 400 nm. The concentration of C
was detected as high as 2 x 10* cm™. The main reason is
the following: carbon concentration measured along the
depth was reached to the MEE-AIN buffer layer located
under the Alj¢sGag;sN layer at 1000 °C. Because of the
high Al composition, AIN layer has a very short diffusion
length compare with other Al,Ga; N samples as shown in
Fig.2. As a result, C atom was accumulated on the
MEE-AIN buffer layer of Aly¢sGagssN. That fact is
possible of Aly¢4GagosN and Alj¢sGag;sN samples. The
C-concentration shape of AlyyGagosN showed the
difference with the Alj45GagssN and Al sGag 35N samples.
The C-concentration shape of the Aly,GagoN sample with
a buffer-GaN layer showed the difference with the
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A10A45G30A55N and A10A65G30A35N SampleS with MEE-AIN
buffer layer.

In Fig.2(A), the theoretical C-concentration of
A10A04G30A96N, A10A45G3.0A55N and A10A65G30A35N Samples are
indicated as (b) and (c), (d) and (e), and (f) and (g),
respectively. The lines (b), (d) and (f) are C-concentration
of AlyosGagosN, AlgssGagssN and AlgsGag3sN samples,
respectively. But, the gradient of (c), (e) and (g) has almost
same curvature of C-concentration. We predict that the (c),
(e) and (g) are expected to Al,C, or AICO layer formed on
Al,Ga; 4N or something like the surface atoms as mention
before.

The diffusion coefficient of Al,Ga; N (x = 0.00, 0.04,
0.45, 0.65, 1.00) samples was also calculated. These are
shown in Fig.3. The diffusion coefficient of GaN,
A10A04G30A96N, A10A45G30A55N and A10A65G30A35N SampleS with
diffusion condition at 1000 °C was estimated at 5.4 x10™
pm*h, 3.6 x10 pm¥h, 2.3 x102 pm?¥h, 2.3 x10? pm*/h,
respectively. The diffusion coefficient of the AIN sample
with diffusion condition at 1100 °C was calculated at 1 x
10* pm?h. The diffusion coefficients sharply decreased
with the existence of Al atom. This was again showed a
toughness of C-concentration in Al,Ga, (N samples.

The C-concentration underneath the surface is thought to
be AlC; rather than the surface atoms, because the
diffusion coefficient does not significantly change with Al
composition x; it is just change in the range of 10 um’h
to 107 um*h. The reason of small fluctuation shown
between Aly4sGagssN and  AlgesGagssN  samples was
speculated that the measured number is just 2 to 3 times,
but the diffusion coefficient of the Aly0,GagosN sample for
the shallower range was approximately reached to 30 nm
from the surface. This suggested the possibility of AlC,
formed in the Al,Ga, (N sample with diffusion condition at
1000 °C.

(d) ® 1100 °C

10-3 \
. 1000 °C

Carbon diffusion coefficient (umZ2/h)

104 | N ¢
\ (h)
105
-
106 \.
(® (@
107
0 0.2 0.4 0.6 0.8 1

Al composition (x)

Figure 3. Carbon diffusion coefficient along the Al composition. Sample
diffusion coefficient of (a) GaN, (b) Aly9sGayesN, (c) ALCjs layer formed in
AlypsGaygsN, (d) Aly4sGayssN, (e) ALCs layer formed in Aly4sGaossN, (f)
AlyssGagssN and (g) AlL,Cs layer formed in AlyssGagssN sample with
diffusion condition at 1000 °C, 40 min, 100 Torr and (h) AIN with
diffusion condition at 1100 °C, 60 min, 500 Torr, respectively.

4. Conclusion

We performed, C-diffused Al,Ga, N using by AlLC,
diffusion method, and calculated respective diffusion
coefficients. The conduction characteristic of n-type
AlLGa N (x = 0.45) samples was changed to p-type
conduction after the diffusion at 1000 °C. GaN sample
diffused condition at 1100 °C was not possible to determine
the Hall effect measurement, because it was insulator. The
C-concentrations of GaN and AlGaN samples with
diffusion experiment were analyzed by SIMS. The
C-diffusion of AlGaN sample was sharply protected by the
presence of Al. Thus, the C-concentration, the diffusion
length and the coefficient of C were rapidly decreased by
the existence of Al composition. The C-concentration shape
of A10A45G30A55N and A10A65G3.0A35N SampleS with MEE-AIN
buffer layer showed the difference with the Alg0,GagosN
sample with buffer-GaN layer. In diffusion condition at
1000 °C, the diffusion coefficients of GaN, Alj¢4GagogN,
Alp 45Gag 55N, Alg¢sGag3sN samples were at 5.4 x10™! umz/h,
3.6 x10% pm%h, 2.3 x10? um%*h, 2.3 x10? pm?h,
respectively. In diffusion condition at 1100 °C, the
diffusion coefficient of AIN sample was calculated at 1 x
10* pm?*/h. In addition, we proposed the existence of AIC
or AICO in the AlGaN samples rather than the surface
atoms, because it reached to 30 nm from the surface in
A10A04G3.0A96N Sample.
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