Observation of low-temperature annealing of a primary ctafegallium nitride
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Abstract

Primary defects were introduced imeype gallium nitride (GaN) thin films by.& MeV-proton bombardment at 20K.
The electronic states of these defects were investigateaddans of optical space charge spectroscopy. An up to now
unreported primary defect, HP1, with an electronic stabselto the valence band edge was detected. HP1 can be
photo-ionised with photon energies ofi&V. It was found to be stable up to 235 K but anneals quickigraperatures
above 240K.
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1. Introduction Gallium nitride (GaN) is a wide bandgap semiconduc-
_ i i ] tor, Eg = 3.4eV [3], with a remarkable radiation-
Lattice defects in semiconductor crystals often intro- 51erance [4]. On the one hand this is due to thé sti
duce electronic states in the bandgap [1]. These states ingttice with high atomic displacement energies of 19 eV
turn dfect the electronic properties of the material such 504 22 av for gallium and nitrogen, respectively [5, 6].
as conduction type, conductivity and optical absorption. o, the other hand the material might occur to be radia-
Primary lattice defects, e.g. vacancies and interstitials {jon hard because of the low annealing temperatures of
can form if the material is exposed to high-energy par- {he radiation-induced primary lattice defects. This issue
ticle radiation or during ion-implantations. Of course g gtjl| subject to investigation since so far most ther-
these primary defects are not nescessarily stable up t0mg| annealing studies of radiation-induced defects were
room-temperature but can become mobile and annihi- c4pried out above room-temperature where annealing
Iate_ or react to more compllc_ated defect complleges. The processes cannot be excluded [7, 8]. Low-temperature
radiation hardness of a semiconductor material is there- annealing of electron irradiation-induced defects in the
fore not only determined by the displacement energies G4_syplattice was observed by low-temperature optical
of the host atoms. The material can appear to be highly getected electron paramagnetic resonance and photolu-
radiation-tolerant because the induced primary latticeé inescense studies [9]. The authors reported on anneal-
defects anneal even below room-temperature. ing at temperatures as low as 60 K.
Space charge spectroscopic experiments such asp oyr previous work [10] we introduced lattice defects
deep-level transient spectroscopy or photo-capacnar_]cemto GaN by low-temperature proton-bombardment of
(PCap) are known to be powerful tools for the investi- he sample. The characterisation of the defects, in par-
gation of electronic defect states in low concentrations. ticular their electronic states. was carried out in-situ
The experiments havg in common that _the capacitanceby means of optical space charge spectroscopy [2, 11].
of a space charge region provided by either a Schottky These experiments allow to freeze the introduced pri-
contact or gpn-junction is measured [2]. Thereby ioni- 5y defects such that annihilation or defect reactions
sation or neutralisation rates of these states manifest iny, ot take place. Furthermore the optical excitation al-
changes of the capacitance (transients) from which the g,y for photo-ionisation of the electronic defect states
concentration of defects and defect parameters like ac- 54 thus the whole bandgap can be scanned for defects
tivation enthalpies can be obtained. at any temperature. Slowly increasing the temperature
and simultaneously monitoring the sample capacitance
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like state was observed in capacitance-temperature measee Fig. 1(a). Since in this study we focussed on the an-
surements with additional optical excitation. In this nealing of acceptor states, the sample was illuminated
work we set out to investigate introduction and anneal- with 3.4 eV-photons during all the measurements in or-
ing of this defect more detailed. der to photo-ionise electronic states in the vicinity of
the valence band edge. This is illustrated in Fig. 1(b).
In the capacitance-temperatuf@ € T) characteristics

of the as-bombarded sample the capacitance dropped ir-

Samples and setupA silicon dopedn-GaN thin film reversebly in the temperature range of 240K to 280K,
was grown onto a 2-incka-plane sapphire substrate See insertof Fig. 1(a). This can only be explained by the
by metal-organic chemical vapour deposition by AlX- annealing of a primary acceptor state which shall in the
TRON SE Aachen, Germany. The film thickness was following be labelled HP1.

determined to 3lum by spectral optical transmission PCap measurements were conducted on a second sam-
measurements. The wafer was cut into pieces in or- ple from the same GaN wafer in order to gain more
der to obtain a set of similar Samp|es_ In prepara- information about HP1. Again the Sample was cooled
tion of space charge spectroscopic measurements ohmid© 20 K and proton-bombarded under the same condi-
contacts made from a thermally annealeATiNi/Au tions. Then the temperature was increased to 222 K.
structure [12] as well as 15 nm-thick semitransparent Once this temperature was reached the sample was illu-
Pd Schottky contacts were deposited onto the samples.minated with monochromatic light and the capacitance
Thin gold wires were bonded to the contacts using con- change was measured in dependence of the photon en-
ductive epoxy. The samples were mounted on the cool- €rdy. The results of these PCap measurements are de-
finger of a Helium cryostat which was aligned to the Picted in Fig. 2(a) (solid line). Afterwards the sam-
beam-line of a van de Gréiaaccelerator. The capaci- Ple temperature was further increased to 235K for ap-
tance of the samples was measured by an Agilent 4284ApProximately 10 min and then again decreased to 222K
LCR metre. The monochromatic optical excitation was Where another PCap spectrum was recorded (Fig. 2(a),
realised by a 1000 W-Xelg arc lamp and a/&m Cor- dashed line). The PCap spectra of the as-bombarded
nerstone 260 grating monochromator. Optical fibres and the 235K-annealed samplétel only marginally.
were used to pass the ||ght from the monochromator HOWeVer, a further repetition of this eXperiment with
into the vacuum chamber where it was focussed onto thean annealing temperature of 240K resulted in signifi-

sample. Details of the setup are published in [10, 13]. cant changes in the PCap spectrum, Fig. 2(a) (dotted
line). This is in accordance with the results of ©e T

Defect studies.A pre-characterisation of the as-grown measurements. The annealing rate of HP1 at 240K is
sample was carried out by capacitance-voltage (V) therefore high enough such that HP1 anneals within ten
measurements and by photo-capacitance spectroscopyninutes.

(PCap). Using van Opdorp’s method [14] the net dop- In order to understand where the HP1 level was in-
ing density of the samples was determined t@ 3 troduced into the sample, optical capacitance-voltage
107 cm3. From PCap measurements (photon energies (OCV) measurements [11] were conducted on an-
3.0eV < hv < 3.55eV) the acceptor concentration was other proton-bombarded sample at 222 K. From these
obtained to 13 x 10'6cm3, measurements the depth-resolved concentration pro-
In the first experiment the procedure that we proposed file of an optically active defect can be determined.
in [10] was used: (1) Firstly, the as-grown sample Thereby four capacitance-voltage measurements were
was cooled to 20K. (2) Then it was bombarded with conducted: one in the dark and one unber= 3.4 ev

1.6 MeV-protons at a fluence of #cm2 such that pri- illumination on the as-bombarded sample (black lines
mary defects were introduced into the lattice. Thereby in Fig. 2(b)) as well as after the sample was annealed
the low temperature ensured that the introduced defectsat 245K (grey lines in Fig. 2(b)). The filerence in
were immobile and thus unable to anneal or react with the doping profiles measured in the dark and under il-
each other. (3) The temperature was slowly increased lumination is equal to the concentration profile of the
to 330K. In this step primary defects became mobile photo-ionised (acceptor-like) defect states. In the as-
and annealing processes or defect reactions occurredbombarded as well as in the annealed sample a concen-
(4) Finally the sample was cooled a second time to tration gradient of these defects towards the substrate
20K. During the cycle, except for the bombardment, was measured. However, theffdrence between the
the sample was reverse-biased at 4V and the capaci-doping profiles measured in the dark and undéreg-
tance was measured in dependence of the temperature/lumination was larger in the as-bombarded sample
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Figure 1: a) Capacitance-temperature measurements dhengroton-bombardment and defect annealing experimditits.sample was illumi-
nated with monochromatic.8eV-photons. In the inset a step in the capacitance causdidebgnnealing of the primary acceptor state HP1 is
magnified. Data is taken from [10]. b) Photo-ionisation ofdectronic state close to the valence band.

112 F as-bombarded — i = 1.70 + 4
annealed @ 235K --- E 165 L i
111 | annealed @ 240K - s o
o S 1.60 | as-bombarded, 3.4eV ____,// T
= T 155 | T 1
g 110 s T 245K annealed, 3.4eV
% 'E 1.50 . ///' 9
£ 109 £ o145 I
§ 108 ‘ g 1.40 } 245K annea‘\GCIiM/—/ B
VVVVV lf’v e %D 1.35 \_/—/ as-bombarded, dark ]|
107 s e B S 130} |
o
I I I I I I I I I 125 I I I I I I I
3.20 3.25 3.30 3.35 3.40 3.45 3.50 3.55 3.60 100 120 140 160 180 200 220
a) photon energy (eV) b) space charge region width (nm)

Figure 2: a) Photo-capacitance spectra recorded at 222drégtly after the p-bombardment as well as after the sample was exposed to (ii)
235K and (iii) 240K, respectively. During the measuremehts sample was reverse-biased at 4V. b) Doping profiles medsi 222K by
optical capacitance-voltage spectroscopy directly a@fteproton bombardment (black lines) as well as after theldawded sample was exposed to
245K (grey lines). The dierence in the doping concentration measured in the darkl (s@és) and under.d eV illumination is the concentration

of photo-ionised acceptors.



than in the annealed sample. Therefore, the concentra- [5] A.

tion of photo-ionised defect states in the as-bombarded
sample is higher than after the sample was exposed to
245 K. This confirms that an optically active defect has
annealed. Together with t@ — T and the PCap mea-
surements it is clear that this is the HP1 defect. From
the diference in the doping profiles measured under il-
lumination on the as-bombarded and the annealed sam-
ple the concentration of HP1 was found to be homo-
geneous in the space charge region and amounted to

(6+2)x10%cm3, [10]

3. Conclusion [11]

GaN thin film samples were .AMeV-proton-

bombarded at 20K. This resulted in the introduction [13)

of an acceptor-like primary defect HP1. Whereas the
total acceptor concentration exhibited a concentration
gradient from the surface towards the substrate, the
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concentration of HP1 was homogeneous in the inves- [14] ¢.van Opdorp. Solid-State Electrat pp. 397-406 (1968)

tigated region within the error bars of the experiment
and amounted to (62) x 10'°cm3. HP1 can be photo-
ionised with photon-energies of approximately 8v.

The defect is stable up to approximately 235K and an-
neals quickly when the sample is exposed to tempera-
tures above 240K.
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