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Optical activation of Be implanted into GaN
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Single crystalling 0001 gallium nitride layers were implanted with beryllium. Photoluminescence
(PL) measurements were subsequently performed as a function of implantation dose and annealing
temperature. One new line in the PL spectra at 3.35 eV provided strong evidence for the presence
of optically active Be acceptors and has been assigned to band—adeptercombinations. The
determined ionization energy of 1500 meV confirmed that isolated Be has the most shallow
acceptor level in GaN. Co-implantation of nitrogen did not enhance the activation of the Be
acceptors. ©1998 American Institute of Physids$S0003-695(98)03138-4

Achievement and control of substantial activationpef Evidence for optically active Be acceptors was observed
type dopants in gallium nitridéGaN) remains a critical issue from a new line in these spectra due to band-acce(@ar
vis avis improved performance of devices fabricated in thisrecombinations. These results initially and experimentally
material. The most commonly usgetype dopant is magne- confirm the low ionization energy of Be acceptors in GaN.
sium (Mg) which substitutes on Ga sites and has an ioniza-  One-to-twoum thick epitaxial, monocrystalline, and un-
tion energy of~0.25 eV. One-to-two orders of magnitude doped GaN films were grown on on-axistype, Si-face
higher atomic concentration of Mg must be incorporated intow(6H)-SiC(0001) substrates at 1000 °C and 45 Torr using a
GaN to achieve the desired hole concentration at roonvertical, cold-wall, rf inductively heated MOVPE deposition
temperaturé. This incorporation reduces the hole mobility system? A 0.1 um high-temperature monocrystalline
due to the enhanced carrier-impurity scattering proc@sses(.llOO"Q AIN buffer layer was deposited prior to the GaN
Beryllium (Be) is a more promising candidate fartype  growth. Deposition was performed using triethyaluminum
doping given its calculated lower ionization energy-e8.06  (TEA) and triethylgallium(TEG) in combination with 1.5
ev.s slm of ammonia (NH) and 3 sim of H diluent.

At this writing, Be-containing GaN films have only been Beryllium was twice implanted at 100 and 200 keV to
grown by molecular beam epitaxjBE)*~° because of the create a broad depth distribution of this element. The dose
unavailability of suitable Be precursors for metalorganic va-ratio between the two implantation energies was 2/3 to adjust
por phase epitaxyMOVPE). High concentrations of Be the maximum impurity concentration of both implantations.
have been achieved; however, the measured eleétacal TrRim simulations gave a mean ion range of 276 (il
opticaF'6 properties were uncertain and contradictory. Anwidth half maximum (FWHM)=175 nni and 472 nm
ionization energy of 0.25 eV was reported based on phototFWHM=1060 nm), respectively, for the two energiés.
luminescencePL) spectra which were identical to those of The total implantation dose ranged betweert®1énd 2.5
Mg doped GaN. x10%cm 2 A second set of GaN samples was co-

Doping by ion implantation offers advantages in com-implanted with an equal dose of nitrogen to determine the
parison to doping during film growthi) The concentration efficacy of co-implantation for the activation of Be acceptors
as well as the lateral and depth distributions of the dopantgue to their occupation of the additional metal sites created
are precisely controllable, arii) almost all elements can be py the excess nitrogen. The implantation energy of the nitro-
implanted with sufficiently high purity. However, this pro- gen was 350 keV for a projected optimum overlap of the Be
cess is compromised by the radiation damage which has torofiles.
be removed via annealing. Approximately three dozen GaN  A|l implanted samples were sequentially annealed in
ion implantation studies have been reported at present. TRgacyum at 300, 600, and 900 °C for 10 min to remove the
thermal stability’® electrical activatioh of the implanted jmplantation damage. Photoluminescence measurements
species, and the radiation daméfyeere investigated as a \yere performed after each annealing step at 14 K by exciting
function of annealing temperature and condition. The iM+he GaN samples with a He—Cd lag8r81 e\J.
planted Be did not diffuse during annealing procedures t0  The low-temperature PL spectra of a Be doped GaN
800 °C’*® Photoluminescence spectra of Be implanted GaNsample with a dose of $103cm™2, measured after anneal-
were reported by Pankove and Hutchiiyhowever, high ing 1o 900 °C, is displayed in Fig.(). The intensity of the
doses were used, and only the common yellow luminescenqg,ng edge luminescence is several orders of magnitude lower
band at~2.2 eV was observed. in comparison to as-grown, unimplanted GaN sampig.

In this letter, we report near band edge PL measurementf(b)]_ The weak luminescence line at 3.467 @6mmonly
of low dose Be implanted GaN samples grown by MOVPE.|gheleq ad.,) in Fig. 1(a) originates from recombinations of

free excitons and/or excitons bound to shallow donors. The
dElectronic mail: carsten.ronning@uni-konstanz.de longitudinal optical(LO) phonon replicas for this line could
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FIG. 1. Photoluminescence spectra@f GaN implanted with Be measured
at 14 K and annealing to 900 °C for 10 min, afil as-grown, unimplanted
GaN. The implantation energies were 100 and 200 keV and the total im-

plantation dose was>»$10'3cm™2.

not be observed in the implanted samples due to its low 360 370 380 39
intensity; however, their positions at 3.384 and 3.292 eV Wavelength [nm]

were determined from as-grown, unlmplanted GaN grown Or|1=IG. 2. PL spectra of Be implanted GgName dose implanted sample as

the same SiC wafefFig. 1(b)]. This results in a.pho_no_n shown in Fig. 1a)] as a function of annealing temperature on a logarithmic
energy of about 855 meV for our samples, which is in scale.

agreement with values in the literatdreThe second lumi-

nescence peak in Fig(d at 3.444 eV is most likely related Rets 15_18 originate from elastic photon—phonon scattering
to defects created during the implantation procedure, as th'ﬁrocesses in the GaN sample reflecting the real GaN phonon
line also was observed with varying intensities after implan-energy around 85 meV.
tation of Li, Si, Ge, In, and E¥ We believe that this line is Figure 2 shows the recorded PL spectra for the same Be
produced by nitrogen vacancies due to donor-b@ml tran-  jmpjanted GaN sample presented in Fie)hs a function of
sitions, because it appears also in unimplanted GaN samplegnealing temperature. No lines were observed directly after
depending on the growth conditions. ion implantation for this dose, but they were observed in the
One Be related transition with low intensity was ob- case of lower implantation doses. After annealing to 300 °C
served at 3.35 eV, as shown in Figall The intensity of this  the|, line of the GaN and the line at 3.444 eV were observed
line varied as a function of the lateral quality of the GaNfor this sample. The intensities of these PL lines slightly
sample. We attribute this line ®@Arecombinations. The ion- increased as a function of annealing temperature for all im-
ization energy of Be acceptors was calculated to be*T8D  plantation doses; however, they were still orders of magni-
meV, assuming a band gap of 3.5 eV for GaN. This value igude lower compared to unimplanted GaN. The implanted
approximately twice that calculated by Bernardatial®; it material was therefore only partly recovered at this annealing
is also about half the ionization energy of Mg acceptors intemperature which is in agreement with Ref. 10.
GaN. Temperature dependent PL measurements showed dif- The Be related PL line at 3.35 eV appeared after anneal-
ferent intensity behaviors of the lines at 3.444 and 3.35 eVing to 600 °C and slightly increased after the 900 °C anneal
therefore, we can exclude that the line at 3.35 eV is a phonofor the implantation dose of 810 cm™2. For a lower im-
replica of the 3.444 eV line. Furthermore, we never observeglantation dose this line was already observed in the as-
the line at 3.35 eV after implantation of Li, Si, Ge, In, and Erimplanted samples. For higher implantation doses, higher an-
even when the line at 3.444 eV was presérfhese obser- nealing temperatures were necessary.
vations prove that the line at 3.35 eV is only related to the  The dose dependence is shown in more detail in Fig. 3.
implanted Be acceptors. PL spectra were obtained after annealing to 900 °C for the
Other authorS~*®have observed a PL line at 3.364 eV Be implanted GaN samples withog) and with (b) co-
which is very close to the Be acceptor line and which alwaydmplantation of nitrogen. Weaker luminescence lines were
appeared together with another PL line at 3.305 eV. Bottobserved in the samples subjected to the higher doses, as
lines (commonly labeled a$3/1,4 or L3/L4) have been at- there were no radiative paths dominating the recombination
tributed to dislocation$’ cubic GaN*® or impurities*’*®We  of electrons in the highly defective implanted GaN. How-
also initially observed these two lines together with theirever, in all implanted GaN samples the Be related PL line at
phonon replicas; however, we determined them to be lumi3.35 eV was present with the exception of the high dose
nescence lines of the underlying sample holder consisting afo-implanted sample.
a copper alloy. We observed them with varying intensity by ~ No significant changes in the PL spectra of the Be
exciting the sample holder at low temperatures with theco-implanted samples were observed relative to the single Be

He—Cd laser. The respective “phonon replicas” reported inimplanted GaN materials, as shown in Fig. 3. Only a reduc-
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