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A systematic investigation on PA-MBE grown GaN with low growth rates (less than 0.2 pm/h) has been conducted
in a wide growth temperature range, in order to guide future growth of sophisticated fine structures for quantum device
applications. Similar to usual growths with higher growth rates, three growth regions have been revealed, namely, Ga
droplets, slightly Ga-rich and N-rich 3D growth regions. The slightly Ga-rich region is preferred, in which GaN epilayers
demonstrate optimal crystalline quality, which has been demonstrated by streaky RHEED patterns, atomic smooth surface
morphology, and very low defect related yellow and blue luminescence bands. The growth temperature is a critical param-
eter to obtain high quality materials and the optimal growth temperature window (~ 700-760 °C) has been identified. The
growth rate shows a strong dependence on growth temperatures in the optimal temperature window, and attention must be
paid when growing fine structures at a low growth rate. Mg and Si doped GaN were also studied, and both p- and n-type

materials were obtained.

Keywords: GaN, molecular beam epitaxy (MBE), low growth rate, growth diagram
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1. Introduction

Group III-nitride semiconductors with their wide appli-
cations in light emitting diodes and electronic devices have
attracted much interest. GaN is the basic material of the
group Ill-nitride materials family.[!3! Although metal or-
ganic chemical vapor deposition (MOCVD) is overwhelming
in the III-nitride device markets, plasma assisted molecular
beam epitaxy (PA-MBE) is another important epitaxy tech-
nique to grow III nitride materials and devices.[*'"1 Com-
pared to MOCVD, MBE has some advantages, such as an ul-
trahigh vacuum and ultra-clean environment for growth with
low impurity levels, precise control of epilayer thickness,
atomic level sharp interfaces, hydrogen free environment for
automatic activation of Mg acceptors, and high indium con-
tent alloys at relatively low temperatures. Especially, MBE
is suitable for growing devices with sophisticated fine struc-
tures and quantum effect structures, thanks to its much faster
source supply switch ability.['>~13] Many research groups have
investigated PA-MBE III nitrides from fundamental physics
and material growth mechanism, to its potential for sophis-
ticated devices. PA-MBE GaN growth diagrams have been
well established as an instruction to find optimal growth
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In fact, a high MBE growth rate for III nitride has been
seek for a long time to explore MBE’s potential for mass pro-
duction. A growth rate of 10 um/h has been achieved recently
based on a specially MBE system with extremely high pump-
ing ability.['8191 Majority studies have focused on a range
varying from ~ 0.3 um/h to 1-3 pum/h.['52%211 However, a
low growth rate is necessary for better control on epilayer
thickness and interface sharpness in some cases, such as reso-
nant tunneling diodes, intersubband devices based on multiple
quantum wells, and superlattices. In this work, we focus on
the rarely studied low growth rate range, less than 0.3 pm/h,
intended to guide for future growths of sophisticated fine struc-
tures.

2. Experiments

All GaN layers were grown on c-plane hydride vapor
phase epitaxy grown GaN/sapphire templates in a RIBER
Compact T-21 PA-MBE system. The MBE system is equipped
with five metal Knudsen cells (two Ga cells, two Al cells, and
one In cell), two doping cells (Mg, Si), and one radio fre-
quency nitrogen plasma cell. Reflective high energy diffrac-
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tion (RHEED) was used to monitor the growth process in situ.
The growth temperature was measured by both thermocouple
and pyrometer. All growth temperatures here are the calibrated
pyrometer temperatures. A 1-pm-thick titanium layer was de-
posited on the backsides of the templates as a heat absorption
backcoating.

Nine series of GaN epilayers were grown by PA-MBE
in a wide temperature range from 580 °C to 790 °C un-
der various nitrogen plasma conditions to study growth rates,
growth mechanism, surface morphology, luminescence prop-
erties, doping, etc. Series 1 and 2 were grown to investigate
GaN growth rates at low and high growth temperatures. Nitro-
gen gas flow rates varied from 0.7 sccm to 1.3 sccm and radio
frequency power varied from 400 W to 550 W. To study the
PA-MBE GaN growth mechanism and determine boundaries
between growth regions, series 3—7 were grown with the ni-
trogen gas flow and RF-power kept at 0.7 sccm and 450 W,
respectively. The series 3 were grown at the low tempera-
ture range (580-630 °C) in which the Ga flux varied from
3.8x 1077 Torr to 4.8x 1077 Torr. Series 4 and 5 were grown
at the mediate temperature range (685-725 °C) in which the
Ga flux varied from 2.0x10~7 Torr to 3.2x107°
ries 6 and 7 were grown at the high temperature range (760—
790 °C) in which the Ga flux varied from 9.9x10~7 Torr to
9.9x 107 Torr. Mg doped GaN and Si doped GaN were both
grown which are marked as series 8 and 9, respectively. Af-

Torr. Se-

ter growth, the surface morphology of the GaN epilayers was
characterized by using atomic force microscope (AFM). Opti-
cal properties of the GaN epilayers were studied by the room
temperature photoluminescence (PL) spectra with a 325 nm
The thicknesses of the
GaN epilayers were measured by the scanning electron mi-

laser as the excitation light sources.

croscope (SEM). Additionally, the dopant concentration depth
profile and electrical properties of the doped GaN were stud-
ied by second ion mass spectroscopy (SIMS) and Hall effect
measurement.

3. Results and discussion

3.1. Growth rates under various nitrogen plasma condi-
tions

Series 1 and 2 were grown at 615 °C and 760 °C, respec-
tively, and their growth rates, together with more data points
at the various growth temperatures, are shown in Fig. 1. The
corresponding growth regions, namely, Ga droplets, slightly
Ga-rich and 3-dimension (3D) growth (N-rich) regions, are in-
dicated by different symbols. Detailed analysis of the growth
regions will be discussed in the next section. The amount
of active nitrogen species is mainly determined by the nitro-
gen gas flow rate and RF-power.??! For the samples grown at
615 °C in the Ga droplets region or 760 °C in the slightly Ga-
rich region, the growth rate increases as the nitrogen flow rate

and RF-power increase as shown by the dashed lines guide for
eyes, demonstrating the fact that the growth rate is limited by
the amount of active nitrogen for the Ga-rich regions (slightly
Ga-rich and Ga droplets).
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Fig. 1. Growth rates of the GaN epilayers grown by PA-MBE as the
plasma condition varies. The dash lines are only guide for eyes for
615 °C and 760 °C respectively.

When the plasma conditions are constant as 0.7 sccm
and 450 W, the growth rate shows a severe decrease, from
166 nm/h down to 80 nm/h, as the growth temperature in-
creases from 615 °C to 790 °C in the Ga-rich region. When
the temperature increases to 725 °C, the growth rate slightly
decreases to 154 nm/h, but the decrease accelerates when the
temperature increases to 760 °C and 790 °C. This is a striking
contrast to the literature reports which studied MBE grown
GaN at much higher growth rates. Van Mil et al. reported
almost no growth rate drop up to 810 °C[?3 with an initial
growth rate of around 300 nm/h. This difference is attributed
to the exponential increase of GaN decomposition in the high
temperature range,>>?* competing with the limited growth
rate in our work. Consequently, special attention must be paid
to the sensitive dependence on the growth temperature when
growing fine structures at a low growth rate. For the 3D re-
gion, since the Ga supply is extremely lower than the active
nitrogen and it is not enough to consume all active nitrogen
adatoms on the growth front, the GaN growth rate is further
decreased down to 50 nm/h.

3.2. Surface morphology, in situ RHEED patterns, and
growth diagram of PA-MBE GaN epilayers

Based on the above experimental results, the nitrogen
plasma conditions were fixed at a nitrogen flow rate of
0.7 sccm and RF-power of 450 W, and series 3—7 were grown
with various Ga fluxes at temperatures from 580 °C to 790 °C.
A detailed experimental investigation on the growth mecha-
nism and layer properties was conducted in this low growth
rate range.

Figures 2 and 3 show surface morphology evolution and
roughness root mean square (RMS) variation of GaN epilayers

018102-2



Chin. Phys. B 31, 018102 (2022)

as the growth temperature varies. Figure 4 shows the evolution
of RHEED patterns during growth as the Ga flux decreases.
The three growth regions and the corresponding surface mor-

phology characterization are determined, which is similar to
the well established three growth regions at the usual higher
growth rates.

Ga flux decreases

790 °C

685 °C

Fig. 2. The 5x5 pm? AFM images (inset: 1x1 pum?) of the surface morphology evolution as the growth temperatures and growth regions vary
for the GaN epilayers grown by PA-MBE. The nitrogen gas flow is 0.7 sccm and RF-power is 450 W.

6 * A Ga droplets
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or * 3D
7 4t
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1F * *
8 o 4 8 0
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Fig. 3. The surface roughness RMS values (5x5 um?) of the GaN epilay-
ers grown by PA-MBE varies at different growth temperature for the three
growth regions. The nitrogen gas flow is 0.7 sccm and RF-power is 450 W.
In the Ga droplets region, RHEED patterns are dim and
streaky due to relatively smooth crystal surface but on which
excess Ga droplets form, lowering the brightness. When taken
out from the MBE chamber and checked under an optical mi-
croscope, Ga metal droplets were observed (not shown here
and etched by HCIl before AFM experiments). In fact, the
shadow effect of the Ga droplets on surface results in the dim
RHEED intensity. Many spiral hillocks surrounded by stepped
terraces are observed, for instance, 615 °C (left two AFM im-

ages) and 725 °C (the first left AFM image). The height of
the stepped terraces is ~ 0.2-0.3 nm, which agrees well with
one (001) GaN monolayer. Each spiral hillock shaped struc-
ture consists of two interlocking spiral ramps correlated to
the mixed type dislocation.>>! The surface RMS roughness is
around 0.3-0.8 nm in this region, as shown by blue-triangles
in Fig. 3.

In the slightly Ga-rich region, RHEED patterns are
also streaky and slightly brighter than Ga droplet cases, but
still quite dim, which is expected and due to coverage of
the Ga adlayer consisting of about two monolayers of Ga
adatoms.!17-222627] Clear step flow growth mode has been re-
vealed by the AFM images, for example, showing in the 2nd,
3rd and 4th AFM images from left for 725 °C. Atomically
smooth surfaces have been obtained via the step flow growth
mode in this growth region. The surface RMS roughness is
about 0.2-0.4 nm for most cases in this region, only except at
extremely high temperature (RMS ~ 0.5 nm at 790 °C). As
the temperature increases, this slightly Ga-rich growth region
covers a wider Ga flux range and shifts to much higher Ga flux
values. The step flow growth is attributed to increased adatom
surface mobilities via the Ga wetting layer, an extra diffusion
channel, under Ga-rich conditions. 29-28]
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Ga droplets

31.8

Ga droplets

Slightly
Ga-rich

29.9

Slightly 3D 3D
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Fig. 4. Typical evolution of RHEED patterns along the direction [1120] for the GaN epilayers grown at 718 °C. The nitrogen gas flow is 0.7 sccm
and RF-power is 450 W. The blue arrow shows that the growth region gradually changes from Ga droplets to 3D as the Ga flux decreases.

In the 3D region (N-rich condition), RHEED patterns are
bright and spotty due to the surface asperity, indicating 3D
island growth mode. Many pits and trenches appear on the
AFM images. The RMS roughness is the highest in the low
temperature range. And incomplete coalescence and grainy
structures appear, for instance, the 1st AFM image from right
hand side for both 615 °C and 685 °C, resulting in trenches
and grain boundaries and very rough surfaces. As temperature
increases (685 °C to 790 °C), however, hexagonal coalesced
two-dimensional-platelet-like structures have been observed
and step-bunching happens. The height of the step-bunching
is ~ 3.0-6.0 nm. The surface morphology is characterized
by atomically flat hexagonal platelets which are separated by
pits, trenches and steps, resulting in average RMS rough-
ness around 1.0-1.5 nm. At the extremely high temperature,
several-micro-meter size hexagonal platelets can be seen, for
example, right two AFM images for 790 °C, which indicates
very high decomposition competing with growth and is consis-
tent with the drastically decreased growth rate in Fig. 1. If in-
creasing Ga fluxes, the 2D platelets gradually coalesce, reveal-
ing the evolution towards intermediate growth (slightly Ga-
rich). The dark pits appear almost in all samples grown in the
3D growth region and their density is 2 x 1084 x 10% cm™2,
which is a typical value for MOCVD GaN dislocation density,
suggesting that the pits originate from threading dislocations
on the GaN templates.!!]

Based on the characterization results of series 3—7 sam-
ples, the PA-MBE growth diagram was summarized. In the
growth diagram, there are three main growth regions identi-
fied: Ga droplets, slightly Ga-rich, and 3-dimension (3D), as
shown in Fig. 5. The boundaries of the growth regions are in-
dicated by the dotted lines, which are identified based on the
results of RHEED patterns and surface morphologies. At a
fixed growth temperature, if it is high enough (> 640 °C), the
growth changes from 3D to slightly Ga-rich, and then to Ga
droplets as the Ga flux increases; while at a lower temperature
(< 640 °C), directly from 3D to Ga droplet region. The Ga/N
ratio and growth temperature basically determine the growth
kinetics, and thus the growth region, the RHEED patterns and
surface morphologies, as discussed above.

In the 3D region (N-rich), the GaN growth rate is lim-
ited by the available Ga flux since all excess N desorbs from

the surface. The lack of Ga supply and absence of Ga wet-
ting layers cause low diffusion mobilities for both Ga and N
adatoms, resulting in spotty RHEED and a rough surface mor-
phology with a lot of pits, where the dislocation terminals are
located. In contrast, for Ga-rich growth the available N flux
limits the growth rate but excess Ga can accumulate on the
surface depending strongly on the amount of supplied Ga flux
and the growth temperature. This leads to two Ga-rich regions,
slightly Ga-rich and Ga droplets. Slightly Ga rich (interme-
diate) region is characterized by a Ga wetting layer, which is
well known and consists of ~ 2 monolayers of Ga adatom cov-
erage. The Ga bilayers behave like a liquid metallic film with
weak metallic Ga—Ga bond, offering a diffusion channel for ar-
rived N atoms and enhancing their surface migration. [20-28-31]
The impinging N adatoms consequently diffuse to a preferable
incorporation site, consuming the liquid-like Ga atoms, and
the impinging Ga atoms maintain the Ga bilayers coverage, re-
sulting in the observed atomic smooth step flow morphology.
The Ga-droplet region is characterized by the Ga bilayers plus
accumulated Ga droplets on the top, which are Ga reservoirs
to supply Ga atoms to maintain the underlaying Ga bilayers
during the GaN growth. The spiral hillocks are supposed to be
generated from the excess Ga adatoms accumulation where the
screw dislocation propagates along the c-axis direction. [3233]

= 100 F N = 0.7 sccm, ..'. :
5 b RF-power =450 W s e

& [ ~Slightly
T Ay Ga—rich‘O
S Ga droplets K A

o » ' .,*

< R R

°o 10} A g *
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) Q.- %

= Y W ST

% Q * ¥

= 3D

& *

®

O]
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560 600 640 680 720 760 800
Growth temperature (Ty) (°C)

Fig. 5. The growth diagram with the three regions: Ga dorplets, slightly
Ga-rich, and 3D for the GaN epilayers grown by PA-MBE.

As one can see in Fig. 5, as the growth temperature in-
creases, the Ga flux boundaries between growth regions shift
to higher Ga flux, and the window of Ga flux for the slightly
Ga-rich region becomes wider, which is the preferred growth
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condition for optimal crystalline quality. This is attributed to
the combined effect of the stability of the Ga bilayer coverage,
which can be maintained at the growth front at temperatures
above ~ 640 °C, and the exponentially increased Ga adatom
desorption rate as the growth temperatures elevates.

In the temperature range below ~ 640 °C, the Ga des-
orption rate is almost negligible and Ga mobility is also low.
Consequently, Ga droplets form once the supplied Ga/N is
above the stoichiometric condition, and no Ga flux window
can maintain the Ga adlayers only. In the temperature range
> 640 °C, the window of Ga flux for the slightly Ga-rich re-
gion becomes wider and wider since the Ga desorption rate
become higher as the temperature increases. It becomes easy
to achieve this growth region. When the temperature is very
high, >~ 760 °C, the Ga desorption rate becomes much higher
so that a very high Ga flux is necessary to maintain the Ga
adlayer coverage and an extremely high Ga flux is required to
reach Ga droplets region (not reached in this report). However,
elevating the temperature further leads to strong GaN decom-
position competing with growth, which consequently results
in much reduced growth rates.

Compared with the growth diagram reported by
Koblmiiller e al.,l'”! no 2D layer by layer growth mode has
been observed in our experiments and the Ga flux required
to maintain the Ga adlayer (two monolayers) coverage in the
growth font is obviously higher than the usual cases for low
growth rates of GaN in this work. In Ref. [17], the 2D layer
by layer growth mode is the transition between the 3D and
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step flow growth mode at higher growth rates (constant N
flux of 4.8 nm/min), which is characterized by clear RHEED
intensity oscillation and happens at a condition close to N-
rich conditions. This difference is probably due to the much
lower growth rate of GaN in our study, which is caused by the
smaller amount of the active nitrogen. In such case, the win-
dow for layer by layer growth mode is perhaps very narrow.

3.3. Optical properties

Figure 6(a) shows the room temperature PL spectra for
GaN in the three growth regions and the yellow luminescence
band (YL) and near band edge (NBE) peaks are at around
2.25 eV and 3.43 eV, respectively. In the 3D growth regions,
the blue luminescence band (BL) is also observed at around
2.7-3.0 eV. The yellow band is attributed to gallium vacancies
(VGa), VaGa related complex, or carbon impurities.’*331 The
blue band is caused by the transitions from shallow donors
or conduction band to a deep acceptor and attributed to the
VGa related complex or some impurities. 33638 Compared
with the GaN in Ga-rich growth region, the GaN in 3D
growth region, namely, N-rich condition, may have higher
density of Vg, or Vg, related complex, which causes the
higher intensity of the yellow band and the appearance of
the blue band. Figure 6(b) shows the YL and NBE inte-
grated intensity ratio for GaN in the three growth regions.
The smaller ratio is obtained for GaN in the Ga-rich growth
region. Thus, it indicates that the most suitable growth re-
gion for growing GaN is slightly Ga-rich. Figure 6(c) shows

5.0 T T T
45T (b)
4.0
3.5
3.0
25T
20
1.5
1.0
05 ®B—0

0 b 1

Ga droplets

Ty: 725 °C

Slightly Ga-rich 3D
Growth region

YL/NBE intesnity ratio (arb. units)

5.0 T T T T
4.5 B
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20F
1.5
1.0
0.5

(d)

Slightly Ga-rich region

—"

600 640 680 720 760 800
Ty ('C)

YL/NBE intesnity ratio (arb. units)

Fig. 6. (a) Room temperature PL spectra, and (b) the YL and NBE integrated intensity ratio for GaN in PL spectra for the three growth regions; (c)
room temperature PL spectra and (d) the ratio of integrated intensity of YL and NBE for GaN in PL spectra with different growth temperatures.
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the room temperature PL spectra as the growth temperatures
vary, all in the slightly Ga-rich region. For the lower growth
temperature, for example below 630 °C, the blue band is also
observed. The intensity of the blue band decreases as the
growth temperature increases and finally disappears beyond
710 °C. At the lower growth temperature, GaN epilayers may
involve relatively high density of impurities and mis-fit dislo-
cations, which cause the intense blue and yellow bands. Fig-
ure 6(d) shows the YL and NBE integrated intensity ratio for
GaN at different temperatures, and the ratio for GaN grown
at a low growth temperature is much higher than that of GaN
grown at a high growth temperature. It indicates that the crys-
tal quality of GaN becomes higher at the high growth temper-

ature.
N, flow rate/power (sccm/W)
(a)  0.7/450 0.7/550 1.0/550
. 4
615 °C
760 °C
0.33 nm | 0.42 nm
/-\(b) T T T T T T T
2 E300
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—;.; 5 - .
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> 4F
x
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2 3 760 °C -
g
E ™~ 0.5/400
5 o i
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N
= 0.7/450
g 1F i
S 1.3/55yk
Z. 0 P 1 e I T I
2.0 2.5 3.0 3.5

Photon energy (eV)

Fig. 7. (a) The AFM images (5x5 um?) with the RSM values and (b)
room temperature PL spectra for the GaN epilayers grown at 615 °C
and 760 °C with the different growth rates.

Figure 7 shows the surface morphology and the optical
characterization for the different plasma conditions. At the
low temperature 615 °C, the growth process is easy to be in the
Ga droplets region which has been discussed above. All the
surface morphologies of the three GaN epilayers for the dif-
ferent plasma conditions appear typically hillocks with steps
and the average surface roughness is about 0.94 nm. Their PL
spectra show that the intensity of the yellow band is very high
and the FWHM of the NBE peak is almost similar as about
45 meV. In contrast, at the higher growth temperature 760 °C,

the surface morphologies of three GaN epilayers for the dif-
ferent plasma conditions appear typically step flows and the
average surface roughness is about 0.41 nm. Their PL spec-
tra show that the intensity of the yellow band is low and the
FWHM of the NBE peak is similar as about 35 meV. There-
fore, increasing the growth temperature is able to improve the
surface morphology and crystal quality of the GaN epilayers
which is in consistent with the above discussion. It also indi-
cates that the growth rate has slight influences on the surface
morphology and crystal quality of the GaN epilayers, com-
pared with the growth temperature.

3.4. Mg and Si doped GaN epilayers grown by PA-MBE

Since the optimized growth temperature window was ob-
tained under plasma conditions of 0.7 sccm/450 W, the Mg and
Si doped GaN epilayers were grown in slightly Ga-rich region
indexed as series 8 and 9 respectively, in order to obtain n- and
p-type GaN.
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Fig. 8. (a) Mg concentration with various Mg cell temperatures (the
inset is Mg concentration depth profile measured by SIMS in step Mg
doped GaN epilayer grown with various Mg cell temperatures). (b)
AFM images, 5x5 um? (inset: 2x2 pm?2), of a separate Mg doped
GaN epilayer with a Mg cell temperature of 390 °C.

To determine dopant concentration as a function of cell
temperature, a Mg concentration stepped structure was grown
at four Mg cell temperatures, separated by undoped GaN, on
an unintentionally doped GaN template. Figure 8(a) shows
Mg concentration with four steps of various Mg cell temper-
atures from 300 °C to 390 °C which was measured by sec-
ondary ion mass spectroscopy (SIMS). The Mg concentration
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increases as the Mg cell temperature increases from 300 °C to
390 °C. The Mg concentration of 6.8 x10'® cm™3 is obtained
at 390 °C. Two additional GaN:Mg samples (Mg cell at 360 °C
and 390 °C) were grown on semi-insulating (carbon doped)
GaN templates for the Hall effect measurement at room tem-
perature. The 390 °C Mg doped GaN epilayer shows P type
conduction with a hole concentration of 3.0x10!7 cm™3. A
smooth surface with clear atomic steps is shown in Fig. 8(b).

The red squares in Fig. 9 are the measured SIMS Si con-
centrations for three Si cell temperatures. The Si concentration
is 0.12 x 10"-1.3 x 10'8 cm ™3 for 1060~1140 °C. Then a se-
ries of Si doped GaN samples were grown on undoped GaN
templates with seven Si cell temperatures for Hall effect mea-
surements at room temperature. The electron concentrations
were extracted by using the two-layer Hall model. The elec-
tron concentration of 2.2x10'® cm™3 is obtained at 1150 °C.
When the Si cell temperature reaches 1300 °C, the electron
concentration of 1.1x10% cm™ is obtained.
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Fig. 9. Si concentration and electron concentration as a function of Si
cell temperature. The inset is the Si concentration depth profile mea-
sured by SIMS for a stepped Si doped GaN epilayer for three Si cell
temperatures.

4. Conclusions

For GaN PA-MBE growth in the optimal window with
low growth rates (less than 0.2 pm/h), the growth demon-
strates some similarities to that at higher growth rates, but also
shows some distinctions. The distinctions are as follows: no
2D layer by layer growth mode has been observed; the Ga flux
required to maintain the Ga adlayer (two monolayers) cov-
erage in the growth front is obviously higher than the usual
cases; the growth rate shows extremely strong dependence
on growth temperatures in the optimal temperature window.
For active nitrogen supply varying in a relatively small range,
the GaN growth rate increases with increasing flow rate and
plasma power, similar to the usual cases. The GaN crystalline
quality is mainly determined by the growth temperature and
[I/V ratio. Similar to MBE grown GaN with usual growth
rates, three growth regions, Ga droplets, slightly Ga-rich and

3D growth regions, have been identified across a wide tem-
perature range, from 580 °C to 790 °C. The slightly Ga-rich
region is the preferred region, in which the grown GaN epi-
layers demonstrate optimal crystalline quality, which is char-
acterized with streaky RHEED patterns, smooth surface mor-
phology with clear atomic steps, and very low defect related
yellow and blue luminescence bands. Growth temperature is a
critical parameter to obtain high quality materials. GaN qual-
ity has been greatly improved as the growth temperature in-
creases from below 600 °C to the optimal growth temperature
window (~ 680-760 °C). At extremely high growth temper-
atures (790 °C), severe GaN decomposition happens, which
results in much reduced growth rate. Extremely high Ga flux
is required to keep step flow growth mode, which is the con-
sequence of high decomposition rate, low sticking coefficient
and exponentially increased desorption rate. Mg and Si dop-
ings of MBE GaN epilayers were grown at the optimal growth
temperature and III/V ratio. Mg concentration was controlled
by the Mg cell temperature and P type GaN was obtained. Si
concentration and electron concentration from 10!7 cm™3 to
10?° cm~3 in GaN epilayers was obtained by modifying the Si
cell temperature.
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