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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.201 American Institute of
Physics. [DOI: 10.1063/1.1429290

While magnesium is currently the most technologically growth with laser interferometry and using other chemical
important p-type dopant for GaN, Be also shows promise.markers measured in SIMS, the correlation with the shutter
Although there have been several studies concerning Be asig accurate within an uncertainty of 100 nm. The Be incor-
dopant in GaN;*little information has emerged concerning poration increases with increasing oven temperature consis-
either Be incorporation mechanisms during growth bytent with changes in the Be vapor pressure. By comparing
molecular-beam epitax§MBE) or the effect of Be on struc- expected profiles to the measured Be incorporation, the Be
tural properties. We present the results of a study of Be inappears to segregate and accumulate on the surface. There is
corporation for both N- and Ga-polarity GaN that strongly & continual increase in Be incorporation while the shutter is
indicates surface accumulation occurs, and that strain intrg?P€n with the highest Be concentration occurring at the point
duced by the surface layer affects structural properties whici€ shutter is closed. Such profiles, indicative of surface ac-
may limit Be doping. cumulation, were observed for all growth condltlons.'lndeed,

The Be-doped GaN layers were grown at West Virginia/@F Ga-polarity step-doped structures at concentrations less

University (WVU) by rf plasma-assisted MBE using tech- han 167 cm?, there is actually a pronounced lack of any
niques reported previoushN-polarity GaN was obtained by step-like struptqre relating to the opening and closing of the
nucleating GaN buffer layers directly on sapphire underBe shutter similar to what has been reported for Mg and

heavily Ga-rich condition§. Incorporation in Ga-polarity consistenty Mith  a mechanism for ~stable surface

GaN was studied by growth on metalorganic chemical Vapopccumulatior?. AR electron spectroscqpy measurements
deposition (MOCVD) GaN templates or{0001) sapphire performed on several step-doped and uniformly doped layers

substrates. Step-doped structures were produced througaT|1$0 indicated the presence of Be at the surface. Although

opening and closing the dopant shutter. All changes in oven

and substrate temperatures occurred with the dopant shutter . o
. Ga Polarity, Ty, ~675°C
closed. Secondary ion mass spectromé8iMS) measure- — 1019
ments were performed by Evans Analytical Group. Room "-’E
temperature Raman spectroscopy was performed at WU 8 | | Mo
using a Jobin—Yvon Ramanor U-1000 micro-Raman system § with atomic interface
excited by 476-nm laser light. Cross section transmission & hydrogen
. . £ 10" -
electron microscopyXTEM) studies were performed at Xe- 8 ] 1000 1000
rox using a JEOL 3010 microscope following previously % ol B
published proceduré's. O 109 ven
Figure 1 shows a SIMS profile of Be obtained from a Temp
Ga-polarity step-doped sample. The general features ob- 10" <
served in this profile are representative of all the structures 0 ] 2 3 zlt 5 (',)
investigated. By monitoring the growth rate throughout layer
Depth (pum)
dElectronic mail: tmyers@wvu.edu FIG. 1. SIMS measurement showing the Be incorporated into a Ga-polar
BCurrent address: Novacrystals, San Jose, California 95131; Electronisample. Shown schematically are the opening and closing positions of the
mail: lindaromano@novacrystals.com Be shutter, as well as the Be furnace temperatures.
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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 A

it lation.
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 vectgr=0002 near the

guantitative interpretation was complicated, the presence éfl 2] zone axis

Be was measured to be at levels representing a significant
fraction of a monolayer. step is the same in each case and yet the Be profiles for the

The last doping step shown in Fig. 1 was grown underelectron irradiated portion closely matches the shutter profile
atomic hydrogen from a thermal cracker. When the increasand exhibits a classical diffusion profile. Thus, it appears
in growth rate due to atomic H is taken into accolitiiere  electron irradiation suppresses surface accumulation of Be
does not appear to be a significant difference in Be incorpoallowing an estimate of an upper limit for the Be diffusion
ration. That is, the same number of Be atoms were incorpoeoefficient for this temperature (675°Q of 1
rated with and without hydrogen for identical time intervals. x 107° cn? s™* following standard analysis of diffusion of
Unlike the case for Md,hydrogen is incorporated at levels at a step-doped profile and the time at temperature during
or above the Be concentration for growth under atomic Hgrowth!? An estimate of the number of Be atoms on the
This finding suggests that the Be—H bond may be strongesample surface can be obtained with some confidence by
than the Mg—H bond, as predicted by recent calculatins, counting the Be incorporated after the doping shutter is
since Mg doping can be accomplished under a similar atomiclosed and accounting for the effect of diffusion on the pro-
hydrogen flux without significant H incorporatidithus, re-  file. Analysis of the profiles shown in Fig. 1 indicates 3
moval of H through thermal annealing in Be-doped GaNx 10'2, 7x 10" and 8x 10 Be atoms/crh accumulated on
may be more problematic than with Mg doping. Otherthe GaN surface for Be oven temperatures of 800 °C, 900 °C,
mechanisms leading to enhanced H incorporation are pognd 1000 °C, respectively, at the time the shutter is closed.
sible, however. For equivalent doping of N-polarity GaN, surface concentra-

Further SIMS measurements on N-polarity films growntions of 2x10*2 5x 10" and 7x 10'* Be atoms/crh were
directly on sapphirénot shown indicate that Be incorpora- observed. These numbers indicate a high surface concentra-
tion is similar to Ga-polarity films for a similar flux, in con- tion of Be, consistent with both the SIMS and the Auger
trast to the significant polarity incorporation difference ob-results. Indeed, the largest surface accumulation corresponds
served for Mg dopind.Also unlike Mg, Be incorporation is to essentially a monolayer of Be residing on the surface.
not a strong function of substrate temperature at higher con- XTEM was performed on several of the step-doped lay-
centrations with the same incorporation levels occurring forers. Figure 3 is a TEM micrograph of the step-doped sample
temperatures between 550 °C and 700 °C. Some temperatungth the SIMS profile shown in Fig. 1. The MBE layer was
dependence is present at low concentrations. Again unlikgrown on an MOCVD template with no structural evidence
the case for Mg, incorporation rates do not change signifiof an interface between the MOCVD and MBE material.
cantly when going from very Ga-stable growth conditions toThreading dislocations originating in the MOCVD layer,
N-stable growth. typically stable for growth along the-axis, proceed without

On many N-polarity samples, evidence of a stripe occurinterruption into the MBE layer. However, when Be is first
ring during reflection high-energy electron diffraction introduced into the growing MBE layer at a level of about
(RHEED) is one of the previously reported effects that elec-10'" cm ™3, the dislocations are unexpectedly seen to bend
tron irradiation can have during MBE growthOf interest,  at an angle of~70° from the basal plane. This angle is not
Fig. 2 contains a comparison between the measured Be conensistent with a low index plane in the hexagonal lattice
centration profiles inside and just outside such a RHEEDand therefore may result from the morphology developed
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ments for Be concentrations up to*¥0cm™2 indicated neg-
ligible strain difference when compared to undoped layers.
In contrast, measurements on samples with Be concentra-
tions near the onset of degradation4x 10'° cm™3) indi-
cated a significant increase in compressive straip to
0.00) 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® and lead to the formation of
FIG. 4. TEM micrographs of the upper defect layer shown in Figs) and  the cubic phase. Regardless of the mechanism, surface accu-
3(c) are bright an_d dark field micrographs, respecti\{ely, taken _g/#l@OOZ, mulation of Be under standard GaN growth conditions by
ey 'I'Bg{;r?d Zuzg?éﬁi%:gg?\lllDBS(b) and(d) are high resolution images  \ype 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

“bent’ dislocations_propagate at this af‘g'e without an ob-\, 5 opserved for Be doping of cubic Gahit similar incor-
servable change either due to the closing of the Be Shuneboration levels ~102° cm™3

thereby decreasing the Be concentration, or the subsequent In summary, Be incorporation is well behaved with the

level 18 cm-3. When B . 4 at level tegregious exception that significant surface accumulation oc-
efves Uplg% Sr?:n ' er;]_ (re]v(\j/as |ncor[f:>orlate a; (faves curs during most standard MBE growth conditions. Strain
of ~5x cm =, a very hig .ensny of planar de eCtS associated with this surface layer affects structural properties
was observed as clearly seen in Fig. 3 as the dark region negt. .-« red by TEM. Surface layers approaching a mono-
the S‘?‘mp'e s_urface. . .. layer coverage result in severe structural degradation during
_F|gure_4 |Ilus_trates th's. planar defect struc_ture COnSIStIngbrowth, limiting maximum Be concentrations to less than the
mainly of inversion domaingID) for Ga-polarity samples, 41019 o3 |evel. Nonstandard growth approaches may

:/ilrgigi\;Dto gb'a;r;‘gi?gs _for h_eavg Mg dopling lin bOt.h be necessary for Be doping in GaN. The apparent suppres-
an ) e Inversion does not take place uni- gin, of e surface accumulation by electron irradiation is

formly along the surface but forms isolated inversion domainC L
. - ertainly intriguing.
boundarieqIDB) along the{1010 planes as shown in Figs. y Znd
4(a) and 4b). The IDB forms a steep facet10° from the This work was supported at WVU by ONR Grant No.
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