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Abstract: The authors report on the growth of Be-doped p-type GaN epilayers by metal-
organic chemical vapor deposition (MOCVD). The electrical and optical properties of the 
Be-doped GaN epilayers were studied by Hall-effect measurements and photoluminescence 
(PL) spectroscopy. The PL spectra of Be-doped GaN epilayers exhibited two emission lines 
at 3.36 and 2.71 eV, which were absent in undoped epilayers. The transition at 3.36 eV was 
assigned to the transition of free electrons to the neutral Be acceptor, Be0.  The transition at 
2.71 eV was assigned to the transition of electrons bound to deep level donors to the Be0 
acceptors. Three independent measurements: (a) resistivity vs. temperature, (b) PL peak 
positions between Be doped and undoped GaN and (c) activation energy of 2.71 eV 
transition all indicate that the Be energy level is between 120 and 140 meV above the 
valence band.  This is about 20-40 meV shallower than the Mg energy level (160 meV) in 
GaN. It is thus concluded that Be could be an excellent acceptor dopant in nitride materials. 
Keywords: Be-doped GaN; p-type, MOCVD epitaxial growth. 

 
Introduction 

Group III nitride semiconductors [1, 2], 
especially Gallium Nitride (GaN), have 
successfully been employed to realize blue-
green light-emitting diodes, blue laser diodes 
[3, 4] and ultra violet light sources and 
detectors [5, 6]. Controllable and efficient 
doping is one of the most important issues for 
the development of these devices. For n-type 
doping of nitrides, silicon can be successfully 
used as dopant and carrier concentrations 
exceeding (5 x 1020) cm-3 can be achieved [7]. 
For p-type doping, magnesium (Mg) is the 
acceptor of choice. It can be incorporated in 
concentrations up to 1020 cm-3; however, 
because of its large ionization energy (~160 
meV), the resulting room-temperature hole 
concentration is only about 1018 cm-3; i.e., 
only about 1% of Mg atoms are ionized at 
room temperature. Increasing the Mg 
concentration beyond 1020 cm-3 leads to 
saturation and a decrease in the hole 

concentration [8]. The limited conductivity of 
p-type doped layers impedes progress in 
device applications. Therefore, it is desirable 
to find an alternative acceptor. Beryllium has 
a low theoretical activation energy of about 
60 meV [9], making it a promising candidate 
for p-type doping in GaN. In spite of the 
promising theoretical predictions, practical 
realization of this idea is very difficult. The 
main problem with the use of Be as a dopant 
in GaN is that it is easily incorporated on 
interstitial sites, where it acts as a donor [10, 
11]. 

Experimentally, Be doping of GaN in 
molecular beam epitaxy has been reported by 
various groups [12, 13]. Another technique 
for Be incorporation that has been attempted 
is ion implantation [14, 15]. Characterization 
was mostly by optical spectroscopy 
measurement. A photoluminescence (PL) 
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peak just below the band edge of GaN was 
observed and attributed to Be related 
transition. Assuming that this PL line results 
from a Be acceptor, an acceptor energy level 
can be extracted. However, these results in a 
wide range of values, ranging from 90 to 250 
meV, depending on the assumptions made in 
the analysis [16]. To the best of our 
knowledge, there have not been any reports 
on the growth of Be doped GaN using 
MOCVD.  

Experiment 
Be doped GaN epilayers were grown on 

the c-plane (001) of Al2O3 substrates by 
MOCVD. The growth temperature and 
pressure were 1080 0C and 70 Torr, 
respectively. Trimethylgallium (TMGa) and 
blue ammonia were used as sources for 
gallium and nitrogen. C10H14O4Be was used 
as the Be source. A 2 µm insulating undoped 
GaN epilayer was grown to serve as a 
template, followed by the growth of a 0.5 µm 
Be doped GaN epilayer. X-ray diffraction 
(XRD) was used to determine crystalline 
quality, while atomic force microscopy 
(AFM) was used to study the surface 
morphology. Variable temperature Hall effect 
measurement (Standard Van der Pauw) was 
utilized to assess the electrical properties and 
PL spectroscopy was employed to investigate 
the optical properties. The deep UV PL 
spectroscopy system consists of a frequency 
quadrupled 100 femtosecond Ti: Sapphire 
laser with an average power of 3 mW, a 
repetition rate of 76 MHz at 196 nm and a 1.3 
m monochromator with a detection capability 
ranging from 185 to 800 nm [17]. 

Results and Discussion 
The surface morphology of the Be doped 

GaN epilayers is relatively rough with a root 
mean square (RMS) surface roughness of 
about 6 nm for a 10 µm x 10 µm area, in 
contrast to the smooth surface of undoped 
GaN epilayers which have an RMS value of 
less than 1.5 nm. The (002) peak of Be doped 
GaN epilayers has a rocking curve full width 
at half maximum of about 450 arcsec. As 
grown Be doped GaN epilayers were highly 
resistive, post growth rapid thermal annealing 
was done to activate Be acceptors. The 
annealing conditions were the same as those 
for Mg acceptor activation (920 0C for 12 

seconds under N2 ambient). Ni/Au was used 
to make ohmic contacts in the standard Van 
der Pauw configuration for Hall-effect 
measurements. Fig. 1 shows the Be and 
oxygen concentration profiles as measured by 
secondary ion mass spectrometry (SIMS) for 
the sample with Be source flow rate of 175 
ml/min. The result indicates a Be dopant 
concentration of about 2 x 1019 cm-3 in the 
epilayer. The Be dopant concentration was on 
the order of 1020 cm−3 as determined by linear 
extrapolation from samples measured by 
SIMS. Oxygen concentration was in the order 
of 1018 cm-3 and has a negative effect on the 
material quality and surface morphology. 
Hall effect measurements indicate the 
formation of a p-type GaN epilayer by Be 
doping. The resistivity obtained at room 
temperature is about 3.7 Ω.cm. Variable 
temperature Hall-effect measurements were 
attempted to probe the electrical properties of 
Be doped GaN epilayers. Fig. 2 shows the 
Arrhenius plot of the resistivity (ρ) of Be 
doped GaN epilayers. The resisitivity 
decreases with increasing temperature from 
3.7 Ω.cm at 300 K to 2.7 Ω.cm at 600 K. The 
solid line is the least squares fit of data to the 
following equation: 

( / ) 1
0( ) [1 ]AE k TT eρ ρ − −= +          (1)  

where ( )Tρ  is the resistivity at temperature 
T, EA is the activation energy and k is the 
Boltzman constant. The fitted value of the 
activation energy (EA) is 118 ± 4 meV.  

The average values of hole concentration 
and mobility at room temperature are ~ 1.7 x 
1018 cm-3 and 1.3 cm2/V.s, respectively. The 
measured values of hole concentration and 
mobility were fluctuating, so we were not 
able to use the hole concentration to directly 
evaluate the activation energy. This 
fluctuation could be related to the relatively 
high resistivity of the materials and the 
unoptimized annealing conditions of the 
materials and the contacts. More studies are 
needed to optimize material and annealing 
conditions for materials and contacts. The 
small reduction in resistivity between 300 K 
and 600 K indicates that the materials are 
highly compensated. This compensation 
could be due to oxygen molecules in the Be 
source.  
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FIG. 1. Oxygen and beryllium dopant concentration profiles in GaN epilayer with Be source flow rate of 

175 ml/min, as probed by SIMS (performed by Charles Evans and Associate). 
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FIG. 2. The Arrhenius plot of resistivity (ρ) 

between 300 and 600 K for the Be doped 
GaN epilayers. The solid line is the least-
square fit of data with Eq. (1). The fitted 
value of the activation energy (EA) for Be is 
118 ± 4 meV. 

Low temperature (10 K) PL spectra of Be-
doped and undoped GaN epilayers are shown 
in Fig. 3. The PL spectrum of undoped GaN 
exhibits a strong band-edge emission at 3.48 
eV due to the donor bound exciton (I2) 
transition [18]. The band gap of GaN at 10 K 
is around 3.505 eV [18, 19]. The PL spectrum 
of Be-doped GaN comprises a band- edge 
transition at 3.36 eV, which is assigned to the 
transition of free electrons to neutral Be 
acceptors (Be0). A peak at 3.35 eV was 
observed in Be implanted GaN and assigned 

to the transition of the same free electrons to 
neutral Be0 recombination [20]. Our 
assignment determines the energy level of Be 
acceptors in GaN to be EA ~ 3.505 eV − 3.36 
eV = 0.145 eV, which agrees with the value 
estimated from the temperature dependence 
of resisitivity discussed above. An additional 
Be related emission line at 2.71 eV was also 
observed and is believed to be a donor-
acceptor-pair (DAP) transition involving deep 
level donor and Be acceptor. The broad width 
of the 2.71 eV emission line is a typical 
characteristic of DAP transitions involving 
deep level impurity. 
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FIG. 3. PL spectra of (a) undoped and (b) Be-

doped GaN epilayers measured at 10 K. 
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Fig. 4 shows the temperature dependence 
of the 2.71 eV emission line in the Be-doped 
GaN epilayer measured from 10 to 240 K. 
The thermal quenching of the 2.71 eV 
transition is due to the dissociation of the 
neutral Be acceptor, which is shallower than 
the energy level of the donor involved. Fig. 5 
shows the Arrhenius plot of the 2.71 eV 
emission intensity in Be-doped GaN. The 
solid line is the least-squares fit of the data 
with the equation: 

1)/(
0 ]1[)( 0 −−+= kTE

emi CeITI      (2) 

where Iemi (T) and I0 are the integrated PL 
intensity at temperature T and 0 K and Eo is 
the activation energy of PL emission 
intensity. The fitted value of the activation 
energy Eo is 126 meV. This value is close to 
the activation energy determined from the 
temperature dependent resisitivity 
measurement. All these results indicate that 
the energy level of Be is between 120 and 
145 meV and is about 20-40 meV shallower 
than that of Mg in GaN. 
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FIG. 4. PL spectra of 2.71 eV emission line of Be-

doped GaN epilayer measured between 10 and 
240 K. 
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FIG. 5. The Arrhenius plot of the integrated PL 

emission intensity of the 2.71 eV emission line 
in Be-doped GaN. The solid line is the least-
squares fit of data with Eq. (2). The fitted 
value of the activation energy (E0) of Be 
acceptor is 126.7 ± 5.8 meV. 

Conclusion 
Be-doped GaN epilayers were grown by 

MOCVD and their optical and electrical 
properties were probed. It was confirmed 
from Hall measurement that these epilayers 
are p-type. The activation energy of Be 
acceptors was deduced to be between 120 and 
145 meV from Hall-effect measurement, 
direct comparison of band-edge transitions 
and activation energy of DAP transition. The 
energy level of Be is about 20- 40 meV 
shallower than the Mg level in GaN. These 
results thus suggest that Be could be an 
excellent candidate as a p-type dopant in 
GaN. Additional improvements in material 
quality, doping conditions and annealing 
parameters of materials and contacts would 
further enhance the material conductivity. 

 

 

 

 

 

 

 

 



Beryllium Doped p-type GaN Grown by Metal-Organic Chemical Vapor Deposition 

 81

References 
[1]Strite, S. and Morkoc, H., J. Vac. Sci. 

Technol. B, 10 (1992) 1237. 

[2]Morkoc, H., Strite, S., Gao, G.B., Lin, 
M.E., Sverdlov, B. and Burns, M., J. Appl. 
Phys. 76 (1994) 1363. 

[3]Pearton, S.J., Vartuli, C.B., Zolper, J.C., 
Yuan, C. and Stall, R.A., Appl. Phys. Lett. 
67 (1995) 1435. 

[4]Nakamura, S. and Fasol, G., The Blue 
Laser Diode-Gallium-Nitride Based Light 
Emitters and Laser, (Springer, Berlin, 
1997). 

[5]Goldenberg, B., Zook, J.D. and Ulmer, 
R.J., Appl. Phys. Lett. 62 (1993) 381. 

[6]Walker, D., Saxler, A., Kung, P., Zhang, 
X., Hamilton, M., Daiz, J. and Razeghi, 
M., Appl. Phys. Lett. 72 (1998) 3303. 

[7]Gotz, W., Kern, R.S., Chen, C.H., Liu, H., 
Steigerwald, D.A. and Fletcher, R.M., 
Mater. Sci. Eng., B, 59 (1999) 211. 

[8]Bour, D.P., Chung, H.F., Gtz, W., 
Romano, L., Krusor, B.S., Hofstetter, D., 
Rudaz, S., Kuo, C.P., Ponce, F.A., 
Johnson, N.M., Craford, M.G. and 
Bringans, R.D., in “III-V Nitrides”, edited 
by F.A. Ponce, T.D. Moustakas, I. 
Akasaki and B. Monemar, MRS. Symp. 
Proc. No. 449, p. 509 (MRS, Pittsburgh, 
1997). 

[9]Bernardini, F., Fiorentini, V. and Bosin, 
A., Appl. Phys. Lett. 70 (1997) 2990. 

[10]Neugebauer, J. and Van de Walle, G., J. 
Appl. Phys. 85 (1999) 3003. 

 

 

 

 

 

 

 

 

 

 

[11]Teisseyre, H., Gorczyca, I., Christensen, 
N.E., Svane, A., Naranjo, F.B. and 
Calleja, E., J. Appl. Phys. 97 (2005) 
043704. 

[12]Salvador, A., Kim, W., Aktas, O., 
Botchkarev, A., Fan, Z. and Morkoc, H., 
Appl. Phys. Lett. 69 (1996) 2692. 

[13]Cheng, T., Hooper, S., Jenkins, L., 
Foxon, C., Lacklison, D., Dewsnip, J. and 
Orton, J., J. Cryst. Growth, 166 (1996) 
597. 

[14]Ronning, C., Carlson, E., Thomson, D. 
and Davis, R., Appl. Phys. Lett. 73 (1998) 
1622. 

[15]Ronning, C., Linthicum, K., Carlson, E., 
Hartlieb, P., Thomson, D., Gehrke, T. and 
Davis, R., MRS Internet J. Nitride 
Semicond. Res. 4S1 (1999) G3.17. 

[16]Van de Walle, G., Limpijumnong, S. and 
Neugebauer, J., Phys. Rev. B, 63 (2001) 
245205. 

[17]http://www2.ece.ttu.edu/nanophotonics 

[18]Chen, G.D., Smith, M., Lin, J.Y., Jiang, 
H.X., Wei, S.H., Asif Khan, M. and Sun, 
C.J., Appl. Phys. Lett. 68 (1996) 2784. 

[19]Smith, M., Chen, G.D., Lin, J.Y., Jiang, 
H.X., Salvador, A., Kim, W.K., Aktas, O., 
Botchkarev, A. and Morkoc, H., Appl. 
Phys. Lett. 67 (1995) 3387. 

[20]Ronning, C., Carlson, E.P., Thomson, 
D.B. and Davis, R.F., Appl. Phys. Lett. 73 
(1998) 1622. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


