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Electrical characterization of acceptor levels in Be-implanted GaN
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We have investigated electrically the acceptor levels that are present in Be-implanted GaN. Slight
p-type conductivity was attained in undoped GaN films by Be implantation and subsequent
annealing at 1050°C with a SjOencapsulation layer. Capacitance-frequency measurements
showed a typical dispersion effect characteristic of deep acceptors in fabricated Schottky diodes.
Thermal admittance spectroscopy measurements revealed a discrete deep level located at
~231 meV above the valence band. This energy level is in reasonable agreement with the frequency
dependence of the capacitance in view of the impurity transition frequency. Therefore, this energy
level can most probably be assigned to a Be-related deep accept@00@®American Institute of
Physics. [DOI: 10.1063/1.1523633

GaN is of increasing interest for high-temperature andmance of thep-type doping process. Thus, various investi-
high-power electronic devicés® In order to facilitate the gations need to be performed to determine the Be acceptor
design of these electronic devices, especially from devels by using electrical and optical characterization tech-
selective-area doping point of view, botir and p-type niques. In this study, we report the electrical characterization
implantation-doping technologies are considered as being esf Be-implanted GaN by using a thermal admittance spec-
sential. Si is generally used as a shalloviype dopant for troscopy(TAS) technique in order to detect the electronic
GaN, while shallowp-type dopants do not exist because states associated with Be doping.

GaN has a relatively small permittivity of 9. Thus, accep- The epitaxial GaN films used in these experiments were
tor doping has long been a serious problem for both GaN um thick. They were grown on a-plane sapphire substrates
materials and device fabrication. The most commonly usedy atmospheric pressure metalorganic chemical-vapor depo-
p-type dopant is Mg, which has an ionization energy of 150-sition (MOCVD) at 1050 °C, with a predeposited 20 nm AIN
200 meV above the valence batd.In the case of Mg im-  puffer layer grown at 400 °C. The GaN films were not inten-
plantation doping, however, it is very difficult to achieve tionally doped, with a backgrouna-type carrier concentra-
p-type conductivity at room temperature, becausetion of ~5x 10 cm~3. Prior to the Be implantation, a 300
implantation-induced damage may easily compensate them thick SiQ layer was deposited on the top surface of the
holes generated from Mg acceptors due to its heavy ion massgamples by radio-frequendyf) sputtering in order to reduce

in addition to their deep acceptor lev&i$On the other hand, the implantation-induced damage. Then, multiple step Be
Be is expected theoretically to be a more promising candiimplantation was performed using pure Be metal as the
date forp-type doping since its ionization energy is calcu- source of the’Be species. ThéBe ions were implanted at
lated to be~60 meV when residing on Ga-lattice sites in 150, 100, and 80 keV with dosages of 2.80*, 6x 10,
wurtzite GaN'%** Additionally, the light Be atoms can be and 6x 10' cm~2, respectively, to produce a mean Be con-
implanted deeper into GaN for a given implantation energycentration of 2x 10 cm™2 to a depth of~0.3um. As a

and they cause less damage in the GaN lattice than Mg afeference, an N-implanted GaN sample was also prepared
oms. with a mean N concentration of X10° cm 2 (depth

So far, Be-doped GaNGaN:Bg¢ films have only been —0.3,m). All of the implants were carried out at room
grown by molecular beam epitaxyMBE).**** Recently, temperature, with an incident angle 7° off the surface nor-
some data on Be acceptors have been reported; Salvadgfg|. After implantation, the Si©layer was removed and
et al1® have obtained an ionization energy of about 250 MeVthen a 500 nm thick SiQcapping layer was again deposited
from photoluminescenceéPL) measurements of GaN:Be on the top surface of the implanted samples by rf sputtering
samples grown by MBE. Ronningt al.* have reported that ot room temperature to provide an encapsulation cap for the
isolated Be has the most shallow acceptor level, with apsequent implant activation annealing. All of the samples
ionization energy of 158 10 meV from PL measurements of \yere annealed in a SiC-coated graphite susceptor at 1050 °C
Be-implanted GaN samples. Clearly the literature does nofy, 5 min in flowing H, gas at a pressure of 10 Torr. Follow-
provide a coherent value for these acceptor levels. In addii-ng the annealing step, HF was used to remove the S#p.
tion, no electrical characterization of the acceptor levels astp e depth distribution of the implanted Be atoms was mea-

sociated with Be doping has been rgpc_)rted, gnd the acceptg;req by secondary ion mass spectromé&S). The car-
levels are an important parameter in improving the perforyje, type of the Be-implanted samples could not be deter-

mined by room-temperature Hall-effect measurements
¥Electronic mail: y-nakano@mosk.tytlabs.co.jp because of poor data caused by extremely small Hall volt-
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FIG. 2. Room-temperature frequency dependence of capacitance for Be-
implanted GaN after annealing at 1050 °C. The inset shows the frequency
dependence of conductance at room temperature.

FIG. 1. Trim simulated atomic profiles of implanted Beolid line) and
SIMS profiles of Be implanted in GaN, as implantgd) and annealedl)
at 1050 °C.

_ ) when a deep level is unable to follow the high-frequency
ages, as is the case fprtype GaN in general. Instead, elec- \,gjtage modulation and contributes to the net space charge in
trical measurements were conducted on lateral dot-and-ring,o depletion regiofi? In addition, the N-implanted GaN
Schottky diqdes fabricated as f_oIIows. First, ohmic contac.t%amme showed frequency independence of capacitance and
were deposited by Ni evaporation and subsequent annealingaintained low values. These results indicate that the deep
at 500 °C for 30 min in flowing B. Then Pt was evaporated |g\e| ghserved in the Be-implanted sample may be associ-
to form the Schottky contacts. The dot Pt electrode had @eq with Be doping. That is, the Be-related level could act
diameter of 50Qum, and was surrounded by a ring Ni elec- gjmitaneously as a deep impurity and as a dopant. Depend-
trode wih a 1 mmgap. The area of the ring electrode wasng on frequency, there is a competition between the deep

100 times greater than that of the dot electrode. Fro”?mpurity and the dopant character. The low frequency ca-
current—voltage I(—V) measurements at room temperaturepacitanceCL of ~0.5nF is determined by the carrier ex-

in the dark, the Be-implanted sample showed the rectifying:hange between the Be-related impurity level and the va-

characteristics of ap-type Schottky diode, while the |once hand, reflecting the electrical activity of the implanted
N-implanted sample displayed the characteristics of amsg atoms, whereas above the capacitance cutoff frequiency
n-type Schottky diode in the same way as the as-grown Gallmpyrity transition frequendy the hole modulation of the
before implantation.  Capacitance—frequencyC—{),  gepletion layer edge governs the electrical response. Consid-

conductance—frequency(w—f ), and capacitance-voltage ging that the conductan& o presents a peak at thig, the
(C~V) measurements were performed at room temperaturgnaracteristic frequencs, is estimated to be-4.2 kHz, as
in the dark with an ac modulation level of 30 mV and fre- gown in the inset of Fig. 2. From the@-f and G/w—f

quencies ranging from 100 Hz to 10 MHz. TAS measure-gaia meaningfuC—V measurements need to be performed
ments were conducted in the dark at an ac modulation level frequencies lower than tHe .

of 30 mV and frequencies ranging from 100 Hz to 30 kHz, Figure 3 shows room-temperatureC¥£V plots at a fre-

covering the temperature range from 85 to 475 K. quency of 1 kHz for a Schottky diode fabricated on the Be-

Figure 1 shows SIMS profiles of the implanted Be atomsjmpjanted GaN. From the slope of these plots, the effective
both before and after annealing at 1050 °C, together with B@cceptor concentration is estimated to be1.2

atomic profiles calculated by the transport of ions in mattery 157 cm3 which seems to be distributed almost uni-

software(TRim). There is little Be redistribution caused by tormiy over the depth of the capacitance measurement. Here,
the implant activation annealing, indicating the thermal stayis yalue obtained at 1 kHz implies the net acceptor concen-
bility of the implanted Be atoms in GaN. From this result, it y4tion (N,—Ny) rather than the hole concentration. This ef-

is expected that diffusion of Be atoms into GaN from anective acceptor concentration is much smaller than the Be
external source is not practical and that ion implantation will

be required if we wish to introduce Be atoms into GaN with

a view to selective area doping. The mean Be concentration 3.0
to a depth of~0.3 um is about X 10*° cm™3, a value that 300 K
is in reasonable agreement with that of tirem calculation. 20!t
The tails apparent on the bulk side of the experimental Be
profiles may be caused by the high background due to the
high resistivity of the Be-implanted samples.

Figure 2 shows room temperatu@—f and G/w—f
curves at zero dc bias for a Schottky diode based on the
Be-implanted GaN after annealing at 1050 °C. The capaci- 0.0 . . : :
tance is seen to be strongly frequency dependent, as shown 0.0 1.0 2.0 3.0 4.0 5.0
by theC—f curve. The capacitance is reduced at frequencies Reverse Voltage (V)

higher than 1 kHz. This variation in capacitance is MOstrig. 3. Room-temperature capacitance—voltage characteristics at a fre-

likely to be due to a typical dispersion effect that occursquency of 1 kHz for Be-implanted GaN after annealing at 1050 °C.
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This acceptor level seems to be in agreement with the
value of 250 meV reported by Salvadet al,*® but it is
apparently much deeper than the theoretically expected value
of ~60 meV when Be atoms only reside at Ga-lattice sites in
GaN2° Thus, this deepening of the activation energy for the
Be acceptor may be associated with imperfect incorporation
of the implanted Be atoms, which results in the slight elec-
trical activation. Therefore, some coimplantation technique
based on a site-competition effect may be effective in en-
hancing the electrical activation of the implanted Be
atomsf_i,15,17,18

In summary, the acceptor levels of Be-implanted and
FIG. 4. TAS spectra at various frequencies between 1 and 10 kHz for BeSUbsequently annealed GaN have been investigated electri-
implanted GaN after annealing at 1050 °C. The inset shows Arrhenius plotsally. TAS measurements revealed a dominant deep level
of the hole emission rate, /T2. with an activation energy of-231 meV from the valence
band, which is in reasonable agreement with the frequency

concentration determined by the SIMS measurements. ThidéPendence of capacitance and conductance in view of the
indicates that the implanted Be atoms are slightly activatedMPurity transition frequency at room temperature. There-
by annealing at 1050°C. By extrapolating the line fitted tofore, this energy level is most probably associated with a
the 1C2-V plots to the voltage axis as shown in Fig. 3, the Bé-related deep acceptor.

barrier heightg, of the fabricated Pt-Schottky diode is esti-
matli(ijgtjoreijslﬁdcr)\(/av\s/.typical TAS spectra measured for th cussions with Dr. T. Kachi at Toyota Central Research and
Schottky diode fabricated on Be-implanted GaN under ZeriDevelopment Laboratories.
dc bias. A dominant peak can be clearly seen in the spectra.

This peak shifts to higher temperatures with increasing mea-

surement frequency. Thus, this peak is assigned to a deep

level. By contrast, no TAS peaks could be detected in thelM. A. Khan, A. R. Bhattarai, J. N. Kuznia, and D. T. Olson, Appl. Phys.
N-implanted GaN sample. This result implies that the deep | et 63 1214(1993.

level observed in the Be-implanted sample is not related tc?J. C. Zolper, R. J. Shul, A. G. Baca, R. G. Wilson, S. J. Pearton, and R. A.
implantation-induced defects, because N implantation shouqu\ta;', ?hp;rll- P?y\i} Iﬁitr:ﬁg'o ﬁ2l3éle9n9%- Lo ALY, Polvako N. B. Smitoy
IntrOdu,Ce at leaSt, as mugh qamage into the GaN as Be Im_A: v Govo?I’(O\'/, .].. M. RedV\’lin.g, K. P 'Lee, ’an'd S J.yPeartyon,. Abpl. Phys.’
plantation due to its heavier ion mass. Additionally, the dam- | eyt 78 823 (2001.

age introduced by N implantation has also previously been'T. Tanaka, A. Watanabe, H. Amano, Y. Kobayashi, K. I. Akasaki, S.
reported to be entirely restored by high-temperature_Yamazaki, and M. Koide, Appl. Phys. Le@5 593 (1994.

annealing:>'® Therefore, this deep level detected in the Be- ghjsh[‘:gggég'?z‘l'gbg' X. Jiang, M. Asif Khan, and C. J. Sun, Appl.
implanted GaN is considered to be associated with the Be ;. \),/V.'Huar']g"T. F. Kuech, H. Lu, and I. Bhat, Appl. Phys. L68, 2392
doping. Arrhenius analysis for the hole emission niageéT2 (1996.

of the corresponding level yields an activation energy of;D Seghier and H. P. Gislason, Appl. Phys. L&g, 6483(2000.
~231meV for hole emission into the valence band, as = Kent M. E. Overberg, and S. J. Pearton, J. Appl. PBgS3750
shown in the inset of Fig. 4. Here, the data were analyzetby nakano, T. Kachi, and T. Jimbainpublishei

under the assumption of a temperature-independent cro$%. Bernardini, V. Fiorentini, and A. Bosin, Appl. Phys. Le®0, 2990
section. The characteristic frequency corresponding to thig (1997

energy level at room temperatuf@00 K) is calculated to be 12“2)' NBerL;?]Z?aﬂerYz?]d CH ch:/;igldi\r\:\éa&e'lj' ﬁfopc')' Piﬁsf’ogﬁ(ig?_%g
~3.6 kHz, which can be extracted from a line fitted to the ;707(1006. o ' T TIe0g Ape FYs. RER
Arrhenius plots, as shown in the inset of Fig. 4. This fre-'®A. Salvador, W. Kim, O Aktas, A. Botchkarev, Z. Fan, and H. Morkoc
quency is found to be in reasonable agreement withf g~ Appl. Phys. Lett69, 2692(1996. _

~4.2 kHz estimated from the room temperat@e-f and Eét?‘;g”'{'gé;'lgégaﬂson' D. B. Thomson, and R. F. Davis, Appl. Phys.
G/w—f curves in Fig. 2. Therefore, this energy level shouldisy Nakano, T. Kachi, and T. Jimbo, Jpn. J. Appl. Phys., Padl12522

be assigned to the Be-related acceptor level. In addition, it (2002.

makes no sense to suggest that hydrogen penetrates the thiéR- Haase, M. Schmid, W. Kuer, A. Danen, V. Hale, F. Scholz, M.
encapsulation cap during annealing. Thus, this energy Ievq;su;\'l‘;g'n g”‘;“ksﬁﬂh;’rﬁ:ne“TAﬁ‘;'éghﬁ dﬁ%ﬁgig??ippl Pigg:
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