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Incorporation-related structural issues for beryllium doping
during growth of GaN by rf-plasma molecular-beam epitaxy
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Beryllium incorporation was studied for both Ga-polarity and N-polarity GaN using a series of Be
step-doped epitaxial layers. Dopant concentration profiles indicated that surface polarity-related
incorporation differences are not pronounced for Be. Significant surface accumulation of Be occurs
during growth with surface accumulations approaching a monolayer for heavier doping levels.
Transmission electron microscopy studies indicate the surface layer of Be has a significant effect on
the microstructure, particularly for near monolayer coverage. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1429290#

While magnesium is currently the most technologically
important p-type dopant for GaN, Be also shows promise.
Although there have been several studies concerning Be as a
dopant in GaN,1–4 little information has emerged concerning
either Be incorporation mechanisms during growth by
molecular-beam epitaxy~MBE! or the effect of Be on struc-
tural properties. We present the results of a study of Be in-
corporation for both N- and Ga-polarity GaN that strongly
indicates surface accumulation occurs, and that strain intro-
duced by the surface layer affects structural properties which
may limit Be doping.

The Be-doped GaN layers were grown at West Virginia
University ~WVU! by rf plasma-assisted MBE using tech-
niques reported previously.5 N-polarity GaN was obtained by
nucleating GaN buffer layers directly on sapphire under
heavily Ga-rich conditions.6 Incorporation in Ga-polarity
GaN was studied by growth on metalorganic chemical vapor
deposition ~MOCVD! GaN templates on~0001! sapphire
substrates. Step-doped structures were produced through
opening and closing the dopant shutter. All changes in oven
and substrate temperatures occurred with the dopant shutter
closed. Secondary ion mass spectrometry~SIMS! measure-
ments were performed by Evans Analytical Group. Room
temperature Raman spectroscopy was performed at WVU
using a Jobin–Yvon Ramanor U-1000 micro-Raman system
excited by 476-nm laser light. Cross section transmission
electron microscopy~XTEM! studies were performed at Xe-
rox using a JEOL 3010 microscope following previously
published procedures.7

Figure 1 shows a SIMS profile of Be obtained from a
Ga-polarity step-doped sample. The general features ob-
served in this profile are representative of all the structures
investigated. By monitoring the growth rate throughout layer

growth with laser interferometry and using other chemical
markers measured in SIMS, the correlation with the shutter
is accurate within an uncertainty of 100 nm. The Be incor-
poration increases with increasing oven temperature consis-
tent with changes in the Be vapor pressure. By comparing
expected profiles to the measured Be incorporation, the Be
appears to segregate and accumulate on the surface. There is
a continual increase in Be incorporation while the shutter is
open with the highest Be concentration occurring at the point
the shutter is closed. Such profiles, indicative of surface ac-
cumulation, were observed for all growth conditions. Indeed,
for Ga-polarity step-doped structures at concentrations less
than 1017 cm23, there is actually a pronounced lack of any
step-like structure relating to the opening and closing of the
Be shutter similar to what has been reported for Mg and
consistent with a mechanism for stable surface
accumulation.5 Auger electron spectroscopy measurements
performed on several step-doped and uniformly doped layers
also indicated the presence of Be at the surface. Although
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FIG. 1. SIMS measurement showing the Be incorporated into a Ga-polar
sample. Shown schematically are the opening and closing positions of the
Be shutter, as well as the Be furnace temperatures.
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quantitative interpretation was complicated, the presence of
Be was measured to be at levels representing a significant
fraction of a monolayer.

The last doping step shown in Fig. 1 was grown under
atomic hydrogen from a thermal cracker. When the increase
in growth rate due to atomic H is taken into account,8 there
does not appear to be a significant difference in Be incorpo-
ration. That is, the same number of Be atoms were incorpo-
rated with and without hydrogen for identical time intervals.
Unlike the case for Mg,9 hydrogen is incorporated at levels at
or above the Be concentration for growth under atomic H.
This finding suggests that the Be–H bond may be stronger
than the Mg–H bond, as predicted by recent calculations,10

since Mg doping can be accomplished under a similar atomic
hydrogen flux without significant H incorporation.9 Thus, re-
moval of H through thermal annealing in Be-doped GaN
may be more problematic than with Mg doping. Other
mechanisms leading to enhanced H incorporation are pos-
sible, however.

Further SIMS measurements on N-polarity films grown
directly on sapphire~not shown! indicate that Be incorpora-
tion is similar to Ga-polarity films for a similar flux, in con-
trast to the significant polarity incorporation difference ob-
served for Mg doping.9 Also unlike Mg, Be incorporation is
not a strong function of substrate temperature at higher con-
centrations with the same incorporation levels occurring for
temperatures between 550 °C and 700 °C. Some temperature
dependence is present at low concentrations. Again unlike
the case for Mg, incorporation rates do not change signifi-
cantly when going from very Ga-stable growth conditions to
N-stable growth.

On many N-polarity samples, evidence of a stripe occur-
ring during reflection high-energy electron diffraction
~RHEED! is one of the previously reported effects that elec-
tron irradiation can have during MBE growth.11 Of interest,
Fig. 2 contains a comparison between the measured Be con-
centration profiles inside and just outside such a RHEED
stripe. The total number of Be atoms incorporated for each

step is the same in each case and yet the Be profiles for the
electron irradiated portion closely matches the shutter profile
and exhibits a classical diffusion profile. Thus, it appears
electron irradiation suppresses surface accumulation of Be
allowing an estimate of an upper limit for the Be diffusion
coefficient for this temperature ~675 °C! of 1
310215 cm2 s21 following standard analysis of diffusion of
a step-doped profile and the time at temperature during
growth.12 An estimate of the number of Be atoms on the
sample surface can be obtained with some confidence by
counting the Be incorporated after the doping shutter is
closed and accounting for the effect of diffusion on the pro-
file. Analysis of the profiles shown in Fig. 1 indicates 3
31012, 731013 and 831014 Be atoms/cm2 accumulated on
the GaN surface for Be oven temperatures of 800 °C, 900 °C,
and 1000 °C, respectively, at the time the shutter is closed.
For equivalent doping of N-polarity GaN, surface concentra-
tions of 231012, 531013 and 731014 Be atoms/cm2 were
observed. These numbers indicate a high surface concentra-
tion of Be, consistent with both the SIMS and the Auger
results. Indeed, the largest surface accumulation corresponds
to essentially a monolayer of Be residing on the surface.

XTEM was performed on several of the step-doped lay-
ers. Figure 3 is a TEM micrograph of the step-doped sample
with the SIMS profile shown in Fig. 1. The MBE layer was
grown on an MOCVD template with no structural evidence
of an interface between the MOCVD and MBE material.
Threading dislocations originating in the MOCVD layer,
typically stable for growth along thec-axis, proceed without
interruption into the MBE layer. However, when Be is first
introduced into the growing MBE layer at a level of about
1017 cm23, the dislocations are unexpectedly seen to bend
at an angle of;70° from the basal plane. This angle is not
consistent with a low index plane in the hexagonal lattice
and therefore may result from the morphology developed
during growth related to Be surface accumulation. The

FIG. 2. SIMS measurement of Be inside and just outside the stripe created
by the electron irradiation of the RHEED beam. The high-energy electrons
appear to suppress surface accumulation.

FIG. 3. TEM bright field micrograph of a Be step-doped film grown by
MBE on a MOCVD template taken with diffraction vectorg50002 near the
@112I0# zone axis.
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‘‘bent’’ dislocations propagate at this angle without an ob-
servable change either due to the closing of the Be shutter,
thereby decreasing the Be concentration, or the subsequent
opening of the shutter which results in Be incorporation at
levels up to 1018 cm23. When Be was incorporated at levels
of ;531019 cm23, a very high density of planar defects
was observed as clearly seen in Fig. 3 as the dark region near
the sample surface.

Figure 4 illustrates this planar defect structure consisting
mainly of inversion domains~ID! for Ga-polarity samples,
similar to observations for heavy Mg doping in both
MOCVD and MBE.13 The inversion does not take place uni-
formly along the surface but forms isolated inversion domain
boundaries~IDB! along the$1010% planes as shown in Figs.
4~a! and 4~b!. The IDB forms a steep facet;10° from the
basal plane normal at the bottom. Figure 4~c! is a ~0002!
dark field TEM image of an IDB that extends over several
hundreds of nanometers. Defects observed parallel to the
basal plane were regions of cubic GaN, as shown in Fig.
4~d!. The cubic slabs were typically less than 10 nm thick
and up to;0.5mm in length. Although not present in Fig. 3,
a significant number of microcracks were also observed in
the heavily doped region. Structural degradation also occurs
for N-polar samples at the high Be concentration with the
exception that polarity inversion is not observed~not shown!.
In the N-polar case, the threading dislocation density in-
creased and a significant density of microcracks was again
observed in the heavily doped regions, suggesting that strain
plays a role in the degradation. SIMS measurements indicate
that oxygen and carbon are at levels less than the background
levels ~low-to-mid 1016 cm23! in both polarities of the Be-
doped samples. Thus, O and C are not contributing to this
defect formation.

Raman spectroscopy measurements14,15 were made on
uniformly Be-doped layers consisting of a 1mm thick Be-
doped layer grown on a 2mm thick MOCVD layer. The
measured shift in theE2 Raman peak~at ;570 cm21! was
thus indicative of strain in the composite system. Measure-

ments for Be concentrations up to 1018 cm23 indicated neg-
ligible strain difference when compared to undoped layers.
In contrast, measurements on samples with Be concentra-
tions near the onset of degradation (;431019 cm23) indi-
cated a significant increase in compressive strain~up to
0.001! for the composite system.

The strain measured by Raman and the observation of
microcracks by TEM indicates that the large measured Be
surface concentration may be responsible for the large com-
pressive strain. This strain could affect the surface morphol-
ogy resulting in the bent dislocations in Fig. 3. At the highest
doping levels, with surface coverage of Be approaching a
complete monolayer, both IDs and regions of cubic GaN
form on the Ga polarity, while significant dislocation multi-
plication and microcracks occur on the N polarity. These
effects may occur in an attempt to relieve surface strain. Of
course, the large Be coverage itself may cause the IDs to
form, similar to Mg doping,16 and lead to the formation of
the cubic phase. Regardless of the mechanism, surface accu-
mulation of Be under standard GaN growth conditions by
MBE ultimately leads to a breakdown of structural quality,
and sets a limit on the maximum Be concentration attainable.
It is of interest that the phenomenon of structural degradation
was observed for Be doping of cubic GaN3 at similar incor-
poration levels,;1020 cm23.

In summary, Be incorporation is well behaved with the
egregious exception that significant surface accumulation oc-
curs during most standard MBE growth conditions. Strain
associated with this surface layer affects structural properties
as measured by TEM. Surface layers approaching a mono-
layer coverage result in severe structural degradation during
growth, limiting maximum Be concentrations to less than the
mid-1019 cm23 level. Nonstandard growth approaches may
be necessary for Be doping in GaN. The apparent suppres-
sion of Be surface accumulation by electron irradiation is
certainly intriguing.
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