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In this paper, we present our studies on thermally assisted 
recovery of low energy electron beam induced optical 
degradation of gallium nitride. A clear reduction in 
MOVPE grown GaN band-to-band photoluminescence 
intensity induced by low energy electron beam irradiation 
has been found before. Partial recovery of the band-to-
band emission was observed after annealing in both H2 
and N2 ambient, at 500 °C for 35 sec-52 h. The photolu-
minescence intensity was reduced to approximately 15 % 

by the low energy electron beam irradiation and recov-
ered to maximum of 40% of the non-irradiated level. The 
recovery saturated after approximately 1 minute of an-
nealing. Since hydrogen passivated Ga-vacancies have 
been shown to be activated by the electron beam treat-
ment, a plausible recovery mechanism is suggested to in-
volve re-passivation of these vacancies due to internal 
hydrogen diffusion in the sample. 

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  

1 Introduction 
 Gallium nitride (GaN), a wide band gap semicon-
ductor, is commonly used in blue- or UV-range emitters 
(e.g. LEDs and LASERS [1, 2]) and high power transis-
tors. Gallium nitride is also a chemically hard material and 
considered to be well resistant to different types of radia-
tion [3]. Furthermore, GaN devices can tolerate high tem-
peratures and high voltages making them suitable for 
rough environments. 

In the fabrication of modern semiconductor de-
vices, electron beam (e-beam) based methods are common. 
Scanning electron microscopy (SEM) is often used having 
a resolution of few nanometers [4] and patterning of nano-
scale devices on the sample surface can be done by using 
electron beam lithography (EBL) [5]. This gives motiva-
tion to study the effect of e-beam exposure on semiconduc-
tor structures. In fact, there are several studies (e.g. [6-11]) 
where e-beam exposure has been observed to be detrimen-
tal for the optical quality of semiconductor materials. For 
example, reduction of cathodoluminescence (CL) intensity 
of GaN-based samples has been reported by high intensity 
CL measurements [12, 13] and during transmission elec-
tron microscopy (TEM) [7, 8]. Even more surprisingly, 

SEM and EBL, which use relatively low energy e-beams 
(few tens of keV or even less) can also cause sample deg-
radation [10, 13]. 

We have recently observed a strong reduction in 
the photoluminescence (PL) intensity GaN/InGaN based 
quantum well (QW) structures and GaN films after low en-
ergy e-beam irradiation (LEEBI) [9, 10, 14]. Furthermore, 
we have shown that the PL reduction strongly correlates 
with increasing number of measured in-grown Ga-
vacancies typical of MOVPE GaN [10]. Since Ga-
vacancies passivated  by multiple hydrogen atoms are in-
visible to positron annihilation spectroscopy [15], it has 
been suggested that the in-grown Ga-vacancies in MOVPE 
GaN are complexed with hydrogen and can be activated by 
ripping H out of the complexes with the LEEBI treatment. 

These earlier experiments give motivation to try 
to reverse the PL degradation process. Because the degra-
dation seems to be related to removal of hydrogen from the 
Ga-vacancy sites, it is reasonable to study the effects of H 
diffusion. In this paper, the effects of thermal annealing on 
LEEBI damaged GaN have been studied in H2 and N2 am-
bient. 
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 2 Experimental  
 The GaN samples were grown on c-plane sapphire 
(Al2O3) by metal organic vapor phase epitaxy (MOVPE). 
The precursors for N and Ga were ammonia and trimethyl-
gallium, respectively. A 3- m-thick undoped c-plane GaN 
buffer layer was first grown on sapphire with the two-step 
method [16]. 

The low energy e-beam exposure was done with 
SEM/EBL tool by rapidly sweeping a focused (2 nm cross 
section) e-beam on a specific (700 m x 700 m) area of 
the sample surface. Varying e-beam currents (0-4.0 nA) 
and exposure times were used to generate doses of 0 - 200 

C/cm2. Based on previous studies [9-12], 5 keV beam ac-
celeration voltage was used to achieve the highest level of 
degradation with a given dose. An untreated reference area 
was preserved on each sample for comparison. 

The irradiated samples were annealed in H2- and 
N2-ambient at pressure of 500 Torr in a MOVPE reactor. 
The annealing temperature was kept at 500 °C and time 
was varied from 1 min to 52 h. 

The PL spectra of the designated sample areas 
were measured before and after the e-beam exposure and 
after the annealing using a He-Cd laser (325 nm emission 
wavelength, 80 W/cm2 power density, spot diameter 200 
μm) as an excitation source at room temperature. An un-
treated sample was kept as a comparison to filter out laser 
power fluctuations. 

 
3 Results and discussion 

Figure 1 shows both degradation of the PL inten-
sity and increase of the positron annihilation spectroscopy 
(PAS) S-parameter as a function of the 5 keV irradiation 
dose. The increase in the S-parameter reflects the increase 
in the apparent concentration of Ga-vacancy related de-
fects [10]. The correlation between these two quantities 
seems very strong, indicating increasing vacancy concen-
tration as the PL degrades. Moreover, with help of the re-

lated PAS W-parameter, the vacancies were noted to be 
similar to in-grown Ga-vacancies rather than irradiation-
induced isolated VGa [10]. 

Band-to-band emission PL intensities of two 
LEEBI GaN samples are plotted in Fig. 2 as a function of 
the 5 keV e-beam exposure dose. Both samples were first 

exposed to 5 keV e-beam using doses of 0-200 C/cm2, 
and then annealed in H2 and N2 for 30 min at 500 °C. A 
clear reduction in the band-to-band emission intensity can 
be seen with increasing e-beam dose (value 1.0 corre-
sponds to intensities before irradiation). As can be clearly 
seen, after annealing the PL intensity is partially recovered. 
For doses higher than 100 C/cm2, an increase by roughly 
a factor of 2.5 can be observed in both cases.  

Figure 3 shows the PL intensities of a GaN sam-
ple, first irradiated with 5 keV e-beam, and then annealed 
for 10 min-52 h at 500 °C in H2 ambient. The inset shows 
the PL intensity of a point with 180 C/cm2 irradiation 

 
Figure 1 Positron annihilation spectroscopy S-parameter and 
normalized PL intensity as a function of 5 keV irradiation dose, 
measured from the same sample. Strong correlation can be seen 
between the curves. 

 
Figure 2 PL intensities of the 5 keV irradiated GaN samples 
before and after thermal annealing at 500 °C for 30 min as a 
function of the irradiation dose. 
 

 
Figure 3 PL intensities of a 5 keV e-beam irradiated GaN sample 
annealed in H2 ambient at 500 °C temperature. Inset: Change of 
PL intensity as function of annealing time. 
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dose, as a function of annealing time in N2. We see that the 
recovery of the PL intensity saturates quickly (~1 min) to a 
constant value (e.g., from ~0.15 to ~0.4 for dose of 180 

C/cm2). 
We have previously shown that the PL intensity 

reduction is related to the irradiation dose and the energy 
dissipation density of the e-beam, and is most likely due to 
the breaking of H passivated in-grown Ga-vacancy com-
plexes typical of MOVPE grown GaN [10, 17]. The recov-
ery of PL intensity can then be explained by re-passivation 
of Ga-vacancies by H diffusion. A Ga-vacancy complex 
with 3 H atoms is neutral through the band-gap and the en-
ergy required to remove one hydrogen atom is roughly 1 
eV [17]. As seen in Fig. 2, the PL recovery seems to be 
identical in both N2 and H2 ambients. We believe this to be 
an indication of H diffusion within the sample rather than 
from the ambient to the sample. This is further supported 
by the fast saturation of PL recovery in respect to the an-
nealing time, and no observable difference between 10 min 
and 52 h anneal times. Surface barrier for H, between the 
ambient and GaN has been observed before [18] which 
could explain the insignificance of the surrounding gas. 

If the H2 diffusion happens (mainly) within the 
sample, it could indicate that there is not enough hydrogen 
inside to re-passivize all the vacancies. Another possibility 
is that part of the hydrogen released from the Ga vacancies 
by the LEEBI process is trapped at sites from where it can-
not escape during the thermal annealing experiments. Fur-
thermore, hydrogen diffusion has been reported to be slow 
inside GaN [19] and laboriously long annealing times 
might be required. 

It is within reason to carefully suggest, that degra-
dation of MOVPE grown, GaN-based LEDs and lasers, 
The recovery is almost identical in both ambients, hence 
H2 or N2 in the annealing environment does not seem to af-
fect the recovery process. 
 
4 Conclusions  

A partial recovery of band-to-band photolumines-
cence intensity of LEEBI GaN was observer after thermal 
annealing in N2- and H2-ambient for 1 min-52 h. The pho-
toluminescence intensity was reduced to approximately 
15 % by the LEEBI and recovered to maximum of 40 % of 
the non-irradiated level. The recovery saturated after 1 min 
a to a roughly constant value. 

The damage under LEEBI has been associated 
with activation of 3H-passivated Ga-vacancies due to re-
moval of H. Therefore, it is probable that the partial recov-
ery is due to re-passivation of these vacancies due to hy-
drogen diffusion within the sample having only limited 
supply of hydrogen. However, further experiments are 
needed to fully confirm the role of hydrogen in the degra-
dation process. 
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