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The MOCVD grown GaN epi-layers of different thickness have been examined
in order to clarify a role of surface recombination, to separate an impact of ra-
diative and non-radiative recombination and disorder factors. The microwave probed
–photoconductivity (MW-PC) and spectrally resolved photo-luminescence (PL) tran-
sients were simultaneously recorded under ultraviolet (UV) light 354 nm pulsed
500 ps excitation. The MW-PC transients exhibited the carrier decay components
associated with carrier decay within micro-crystals and the disordered structure on
the periphery areas surrounding crystalline columns. Three PL bands were resolved
within PL spectrum, namely, the exciton ascribed UV-PL band edge for hν>3.3 eV,
blue B-PL band for 2.5 < hν < 3.0 eV and yellow Y-PL band with hν < 2.4 eV.
It has been obtained that intensity of UV-PL band increases with excitation density,
while intensity of B-PL band is nearly invariant. However, intensity of the Y-PL
increases with reduction of the excitation density. The Y-PL can be associated with
trapping centers. A reduction of UV excitation density leads to a decrease of the
relative amplitude of the asymptotic component within the MW-PC transients and to
an increase of the amplitude as well as duration of the yellow spectral band (Y-PL)
asymptotic component. Fractional index α with values 0.5 < α < 0.8 was eval-
uated for the stretched-exponent component which fits the experimental transients
determined by the disordered structure ascribed to the periphery areas surrounding
the crystalline columns. C© 2013 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4835056]

I. INTRODUCTION

GaN is intensively developed for optoelectronics and power device applications.1–4 GaN is
also a promising material for radiation hard particle detectors operating in harsh environment of
irradiations.5–8 To support the sufficient charge collection efficiency within a detector volume, the
rather thick layers of detector base region should be used in design of the diode type particle
detectors. Also, the large resistivity material is desirable to form the active area of the particle
detector. Significant problems appear in formation of junctions and electrodes on GaN,9 caused
by contamination with metals during metallization and due to their interplay with the intrinsic
grown-in defects of high density. Up-to-now, rather high density of dislocations is inherent for
GaN layers grown by MOCVD technology. Thereby, dislocation nets may introduce the disorder
inherent carrier transport and recombination effects.10 The disorder can be a reason for the stretched-
exponent relaxation (SER) type transients3, 4, 10–13 in photoconductivity (PC) and photo-luminescence
(PL) decay. These phenomena are often accompanied by the persistent photoconductivity,11, 12

barrier mediated carrier trapping,10 photoconductivity quenching11 effects. These effects3, 4, 11–13

aAuthor to whom correspondence should be addressed. Electronic mail: eugenijus.gaubas@ff.vu.lt
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TABLE I. Parameters of samples extracted by Hall effect and HRXRD measurements.

Sample number
made/under regime Layer thickness (μm) Carrier density (cm-3)

Carrier mobility
(cm2/Vs)

Threading dislocation
density (cm−2)

1047 TU/1047 ◦C 2.4 n/a n/a >1010

950 TU/ 950 ◦C 2.4 n/a n/a >1010

925 TU/ 925 ◦C 2.4 n/a n/a >1010

53 VU/1070 ◦C 2.5 4.5 × 1017 199 ± 3 1.3 × 109

38 VU/1070 ◦C 5.6 4.2 × 1017 191 ± 3 8.6 × 108

181 VU/1070 ◦C 13.1 8.7 × 1016 210 ± 6 6.2 × 108

184 VU/1070 ◦C 19.5 4.0 × 1016 214 ± 6 5.1 × 108

185 VU/1070 ◦C 25.5 2.9 × 1016 190 ± 6 4.8 × 108

and interpretation of the photoluminescence spectral bands3, 4, 11–14 are commonly considered on
the basis of the point defect analysis by including the defect transforms in configurational space,11

temperature dependent changes of trap activation energy13 and carrier decay lifetime, extracted from
the SER fits of the experimental time resolved PL and PC transients.11–13 However, existence of the
disorder inherent PL and PC effects necessitates clarifying of the role of carrier transport and capture
dynamics. In MOCVD grown GaN epi-layers, averaged density of dislocations exceeds values of
108 cm−2, therefore their role cannot be ignored in analysis of the barrier associated carrier capture,
the radiative recombination transitions involving dislocation core ascribed deep levels,10 the space
charge regions surrounding dislocation cores, and the dislocation nets caused carrier random-walk
diffusion-limited15 carrier transport and trapping effects.

In this work, the epi-layers of different thickness of the MOCVD grown GaN on sapphire
substrates have been studied in order to clarify the role of surface recombination, to separate the
impact of the radiative and non-radiative recombination parameters and the disorder factors. The
time and spectrum resolved contactless methods of the photoluminescence (PL) and microwave
probed photoconductivity (MW-PC) were combined for the synchronous measurements in order to
control a performance of the radiative and non-radiative recombination channels.

II. SAMPLES AND MEASUREMENT TECHNIQUES

A set of wafer pieces of 2.4–25.5 μm thickness n-GaN un-intentionally doped epi-layers grown
by the metal-organic chemical vapor deposition (MOCVD) on sapphire substrates was investigated.
For comparison, a few samples (2.4 μm thick) grown by Tokushima University (TU) MOCVD
reactor and the different thickness GaN epi-layers grown by MOCVD reactor at Vilnius University
(VU) were simultaneously investigated. The thick layers (VU) were grown by using longer growth
time. The sample parameters evaluated by Hall and high resolution X-ray diffraction (HRXRD)
measurements are listed in Table I.

As can be deduced from the Table I, the density of free carriers varies reciprocally relative
to an epi-layer thickness. This implies that the effective density of the rather shallow donor-type
traps decreases with enhancement of a crystal volume. Such a behavior requires a clarification
whether these traps are localized at the layer surfaces, which role is reduced with enhancement of a
layer thickness, i.e. the ratio of the surface area to the crystal bulk. The measured values of carrier
mobility can be assumed to be invariable in the range of experimental errors of 10%. This hints
that the grown-in defects make a rather weak impact on carrier scattering, while being the efficient
recombination centers responsible for the luminescence.

The crystallinity of GaN epi-layers has been controlled by X-ray reflections from crystal planes
using XRD measurements, e.g. Ref. 15. The XRD rocking curves (w-scans) at (001) and (302)
reflections were measured to determine the threading dislocation density (TDD) in GaN films.16 The
TD density has been evaluated assuming a random distribution of dislocations and using a formalism
described in Refs. 17 and 18. In order to determine density of screw and edge type dislocations, the
XRD rocking curves (w-scans) have been examined at (0002) and (30-32) reflections. The FWHM
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FIG. 1. A setup of the instrumentation for the simultaneous measurements of the MW-PC and PL spectrum resolved
transients.

of the (0002) w-scans show density of screw dislocations, while broadening of the (30-32) reflection
in GaN is almost solely determined by edge type dislocation.16 The total threading dislocation
density (TDD), estimated by XRD and verified by EBIC19–21 (electron beam induced current scans
performed on a few samples containing Schottky barriers) measurements, is also presented in
Table I. It can be noticed that the highest TD density is inherent for the TU made GaN layers, while
this TD density decreases reciprocally to the layer thickness in VU grown GaN epi-layers. TDD
changes more than two times over the entire range of the examined layer thicknesses in the VU
made samples. However, these samples, especially the TU grown epi-layers, should be considered
as a rather dislocation-rich material with TDD > 5 × 108 cm−2.

A sketch of the experimental arrangement for the simultaneous microwave probed photocon-
ductivity (MW-PC) and photoluminescence (PL) spectrum - time resolved measurements at room
temperature is shown in Fig. 1.

The transient signals of the MW-PC and PL have been synchronously measured by collecting a
response of the same UV (354 nm) excitation beam spot, generated by a micro-chip laser STA-1-TH
(“Standa”) employed for the pulsed (500 ps) excitation of the excess carriers. The excitation density
is varied by spectrally neutral optical filters in the range of 0.001 – 2 μJ/cm2. The MW-PC response
has been detected by using a coaxial needle-tip probe and a near field probing regime, performed
by a VU made instrument VUTEG-3. A microwave reflection mode has been implemented in these
measurements. The registered signal is transferred from VUTEG-3 to a digital 1GHz oscilloscope
Tektronix TDS-5104, equipped with a computer, where MW-PC transient is displayed and processed.
The PL light is collected from the area with normal directed towards a bisector between the incident
and the reflected UV light beams. The UV filtered PL light is focused onto a slit of a Jobin Yvon
monochromator. The PL light is displayed using a grating within the monochromator, and the PL
pulsed signal is detected by a Hamamatsu H10721 photomultiplier. This PL signal is also transferred
to another channel of the digital oscilloscope TDS-5104, where the PL transient is displayed and
processed together with MW-PC transient.

III. RESULTS AND DISCUSSION

A. The time resolved characteristics of photoluminescence and photoconductivity

The initial photoconductivity decay component appears in the same time domain relative to
the radiative recombination kinetics in GaN layers (Fig. 2). Duration of the UPL decay comprises
τ r,i ≈ 2.3 ns evaluated within a relaxation stage of the PL transient at a level exp(−1) ≈ 0.368 of the
normalized amplitude of PL signal.

Therefore, to distinguish the carrier decay rates ascribed to the micro-crystals (where UV-PL
is the most efficient) and the periphery surrounding the monocrystalline volumes, a subtraction
procedure (illustrated in Fig. 2) for the normalized PL and MW-PC signals can be applied for
a rough primary estimation of the impact of radiative (r) and non-radiative (nr) channels. The
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FIG. 2. The MW-PC decay transient displayed within an initial stage of the MW-PC signal relaxation compared with a
simultaneously registered PL transient at 365 nm PL wavelength in the 5.6 μm thick epi-layer.

overlapped components of carrier decay through the radiative and non-radiative recombination
within a system of distributed parameters are mediated through carrier diffusion. Then, MW-PC sig-
nal (which amplitude UMW-PC is proportional to the excess carrier density n, i.e. UMW-PC ∼ n) can be
approximated by synchronous linear (non-radiative ∼n) and non-linear (radiative ∼ n2) processes.
In this case, a decay of the excess carrier density in time t is generally described by continuity
equation ∂n/∂t = D∂2n/∂y2 − n/τ nr − γ n2 with parameters of the carrier diffusion coefficient D
along spatial coordinate y, of the characteristic time of non-radiative decay τ nr, of the coefficient
γ of radiative recombination using relevant boundary conditions (e.g. of a type D∂n/∂y|y0 = sn)
on surface (y = y0 with surface recombination velocity s). The continuity equation can be solved
analytically only at approach of the instantaneous decay time τ r,i = 1/γ n for radiative recombina-
tion. Solution of this equation can be approximated by a sum n(t) = n(t = 0)

∑
m,iAmexp[−(ηm

2D
+ 1/τ nr)t]exp[−(1/τ r,i)ti] over the spatial frequencies22–24 ηm and instantaneous lifetimes τ r,i. Replac-
ing the sum by an integral averaged over duration τMW-PC of the MW-PC decay and keeping in mind
linearity of the detection regime (UMW-PC ∼ n(t)), the MW-PC transient can be described (through
normalized,-subscript norm, amplitudes of the non-radiative (nr) and radiative (r) recombination
components) by expression UMW-PC(t) ≈ [UMW-PC,0/τMW-PC]

∫
Unr,norm(t)Ur,norm(t − �)d�. Assuming

Ur,norm ≈ UPL,norm and UMW-PC,0 = UMW-PC(t − � = 0), the differential MW-PC component ascribed
to the non-radiative decay UsMW-PC,nr (t) = UMW-PC(t = 0) − [UMW-PC,0/τMW-PC]

∫
Unr,norm(t)UPL,norm(t

− �)d� leads to an approach:

U s
MW−PC,nr (t)} = 1

τMW−PC

t∫

0

[1 − UP L (�)]UMW−PC (t − �)d�

≈ 1

τP L

τP L∫

0

[1 − UP L (�)]UMW−PC (t − �)d� + UMW−PC (t > τP L ).

The obtained differential signal is shown by stars in Fig. 2. This differential signal Us
MW-PC,nr (a

residual MW-PC signal) can then be attributed to the peripheral areas of a multi-crystalline material.
The elimination (UMW-PC − UPL) of this PL decay component from the integral MW-PC signal
(UMW-PC) leads to decrease of the initial amplitude of the normalized (Us

MW-PC∼UMW-PC−UPL)
component. This Us

MW-PC component coincides with MW-PC transient after UV-PL signal disap-
pears (within a linear scale). This result implies that the micro-volumes within a multi-crystalline
GaN layer coincide (for which the MW-PC and PL signals are synchronously collected and
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exhibit the fast decay components in MW-PC and PL transients). Thus, it can be assumed that the
slower (than τ r,i in UPL) MW-PC initial component Us

MW-PC is ascribed to the stretched-exponent
decay, and it appears due to carrier brought to a periphery of the monocrystalline micro-volumes
(columns) within a GaN epi-layer. The dislocations are namely located within these periphery areas
surrounding the crystalline columns. The excess carriers, brought to the periphery areas with space
charge regions within Cottrell spheres/cylinders of dislocations, are separated by the space charge
field.

Thus, the excess carrier recombination is only mediated by carrier diffusion, caused by the
excess carrier density gradients. Thereby, these different (fast and slow) carrier decay components
should be ascribed to the different micro-areas of the epi-GaN material. To collect the MW-PC
and PL signal from the same excited volume (where the lateral micro-inhomogeneity of material
is inevitable), the synchronous detection of the MW-PC and PL responses is necessary in order to
highlight the impact of the radiative and non-radiative carrier decay. The transient MW-PC signals,
integrated from the excited area, contain the overlapped components of carrier decay through the
radiative and non-radiative recombination.

The initial component of the MW-PC transients is in the same time scale as that of the PL
transients measured for the different PL wavelengths (Fig. 3). A reduction of the UV excitation
intensity leads to a decrease of the amplitude of the asymptotic component within the MW-PC
transients. This can be understood as the potential barrier mediated carrier trapping.10 The reduction
of excitation intensity also leads to a shortening of the initial MW-PC decay component, as illustrated
in Fig. 3(a). This hints a decrease of the impact of the radiative recombination (PL) within the
MW-PC signal, as a rather small excess carrier part decays through the radiative channels, due
to a limited efficiency of the PL. This simultaneously indicates an increase of the role of carrier
trapping centers. The carrier trapping processes are however mediated (limited) by diffusion,10, 25

for a small density of the mobile carriers in the disordered peripheral areas of the multicrystalline
material. The barrier and diffusion limited trapping10, 25 leads to the long (in a millisecond time
scale), non-exponential relaxation of the MW-PC signal (Fig. 3(a)).

The UV-PL (exciton attributed) intensity follows a reduction of the UV excitation density.
However, the reduction of the UV excitation intensity causes an enhancement of the Y-PL amplitude
and asymptotic component duration, as can be inferred from Fig. 3(b). Nevertheless, the measurable
Y-PL signal can only be obtained in the scale of hundred microseconds in the time resolved PL
at wavelengths λPL ≥ 525 nm. Additionally, the long tail PL relaxation component weakens for
the shorter wavelength PL, λPL < 500 nm (Fig. 3(c)). These observations can be understood at
assumption that the non-linear, barrier mediated carrier trapping centers (associated with the non-
exponential MW-PC relaxation) could be related to the B-PL radiative recombination. A reduction
of excitation density leads to an enhancement of the barrier and to the decrease of the asymptotic
component within the MW-PC transients. The B-PL radiative recombination channel governs then
the excess carriers involved into the space charge region which surrounds a dislocation core, if B-PL
can be attributed to the radiative recombination through the deep levels ascribed to the dislocation
core. At this assumption, the intensity of B-PL radiative recombination is weakly dependent on
excess carrier density, provided the excitation density is insufficient to considerably modify the
potential barrier ascribed to a dislocation. Consequently, a competing channel, as the sub-system
levels of the donor-acceptor (D-A) type point defects ascribed to the Y-PL radiative recombination,14

becomes a prevailing one. These traps seem to be located in the periphery of the micro-crystals,
and the carriers, diffusion brought to a micro-crystal boundary, determine the component of the
fast Y-PL decay. The impact of carriers photo-generated in the micro-crystals is thereby reduced
within the entire Y-PL signal with a decrease of excitation intensity (Fig. 3(b)). The role of the
Y-PL centers localized at surface of a micro-crystal is equalized to influence of those existing
in the periphery of the micro-crystals, for the small density of the photo-excited carriers. Then,
the relative impact of the Y-PL centers located in the periphery of the micro-crystals increases
with reduction of excitation density, and this leads to the enhancement of the relative amplitude
of the Y-PL and stretched-exponent (SER) type relaxation. The latter SER trapping process is
governed and limited by random-walk of small density mobile carriers in the disordered peripheral
areas.
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FIG. 3. The MW-PC transients (a) and PL decay transients at 525 nm wavelength (b) measured varying excitation intensity
and luminescence wavelength (c) in 5.6 μm thick GaN epi-layer.

B. Spectral characteristics of the photoluminescence dependent on layer thickness

The registered PL amplitudes (extracted from the PL transients dispersed at fixed wavelength)
as a function of the PL quantum energy (hν) are plotted in Fig. 4. Several PL bands can be
resolved within a PL spectrum: namely, the exciton ascribed UV-PL band appearing for hν > 3.3
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FIG. 4. Spectral variations of the normalized amplitude of the PL transients measured at different excitation densities on
different thickness (d) GaN samples: (a) d = 5.6 μm; (b) d = 19 μm; (c) d = 25.5 μm; (d) at fixed Iex for d = 2.4, 5.6, and
19 μm.

eV, the defects attributed bands of blue B-PL (for 2.5 < hν < 3.0 eV) and the yellow Y-PL (with
hν < 2.4 eV). These PL bands are well examined,14, 26–33 thereby our spectroscopy results correlate
with literature data. It can be deduced from the comparison of these spectra measured at different
excitation densities that the intensity of the UV-PL band increases with excitation density, while the
intensity of B-PL band is nearly invariant, but the intensity of the Y-PL increases with reduction of
excitation density.

This clearly indicates that the role of the Y-PL is enhanced with reduction of the excess
carrier density, and it can be associated with the carrier trapping centers, being a sub-system of
D-A radiative recombination, interpreted in detail.14 Carrier trapping centers, as usual, act together
with the recombination ones. For the large initial excess carrier density within conduction/valence
band, the main carrier capture flow runs through the deep recombination centers, while the shallower
trapping centers are filling with excess carriers. During these processes, the density of excess carriers
in conduction band can become either an equal or less relative to that on the shallow trapping centers.
Then, the recombination process is proceeded on a support of the carriers thermally generated from
the trapping centers. A reduction of the initial excess carrier density (being proportional to the
excitation intensity) highlights the impact of the trapping centers in PL transients. The trapped
carriers can proceed their existence either being thermally released to conduction band or captured
to the deeper center. The latter process is then responsible for the D-A radiative recombination. Such
the scenarios can be ascribed to the Y-PL behavior in our observations by correlating results on PL
and MW-PC transients. These results are in the qualitative agreement with literature data.26–33

The B-PL band is also interpreted14 as the D-A transitions ascribed to the different origin defects
(relative to Y-PL). In our experiments, the nearly invariant intensity of the B-PL band transients
has been obtained when changing the excitation density. Therefore, the PL spectra (in Fig. 4) were
normalized to peak amplitude of the B-PL band. The spectral position of the B-PL peak is also stable
and independent of the epi-layer thickness, while an appearance of the UV-PL and Y-PL depends
on layer thickness. The changes of the UV-PL intensity relative to that of B-PL in rather thick layers
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can be explained by the re-absorption effect for PL radiation wavelengths close to the threshold
of interband transitions. The B-PL intensity slightly increases with excitation density irrespective
of the epi-layer thickness (Fig. 4(d)), while the intensity of the UV-PL and Y-PL (Figs. 4(a)–4(c))
changes considerably and non-linearly with excitation intensity in epi-layers of different thickness.
The absolute values of the B-PL intensity decrease with an increase of the epi-layer thickness, and
this is in agreement with reduction of TDD (Table I), reciprocally dependent on layer thickness.
For a fixed excitation intensity (Fig. 4(d)), the density of defects, responsible for both the Y-PL
and B-PL, decreases with enhancement of the epi-layer thickness. This implies that quality of the
epi-layer improves with increase of layer thickness.

The time and spectrum resolved changes of the B-PL, being different from that of Y-PL, hint on
different origin of these B-PL defects. The main candidate, as a B-PL center, would be dislocations,
which are inevitable even in the rather thick MOCVD-grown GaN layers.10 The interpretation14 of the
B-PL through the D-A type recombination is not contradicted in this approach. Here, the D-A system
could be understood as the dislocation core ascribed levels. The relative stability of the B-PL would be
in good agreement with the dislocation core ascribed D-A transitions, where variation of dislocation
density with epi-layer thickness can be assumed rather small for the identical growth regime.

C. Evaluation of the recombination and material parameters

Complicated redistribution of excess carriers among the radiative and non-radiative recombi-
nation centers in GaN layers has been revealed by the combining of the MW-PC and PL transient
techniques. The observed two-componential MW-PC transients imply the non-exponential car-
rier decay process. A linearization of these residual MW-PC (after subtraction of the PL inherent
component) transients is only possible using the stretched exponent approximation.10, 34, 35 This ap-
proximation yields to a description of excess carrier density variations in time expressed as nex(t)
= nex(t = 0)exp[−(t/τ se)α], where α is a fractional index which is associated with material disor-
der characteristics.10, 34, 35 Fractional index is evaluated from a linear fit of the double logarithm of
the normalized transients (Fig. 5) displayed on the logarithm time scale (ln(−ln(U(t)/U(0))) versus
ln(t)).34, 35

A rather good linearity of the normalized MW-PC signals approximated by a stretch-exponent
is obtained (Fig. 5(a)) over a wide range of running time (form ns to ms) within a transient. The
linearity is reached for the epi-layers of different thickness. However, the slopes of these lines in the
plots are different. The slope increases with a thickness of epi-layer (Fig. 5(b)). This slope correlated
with α can be associated with the fractal index.25, 34, 35 The approach of α to unity implies a reduction
of the disorder of material. Thereby, the crystalline structure slightly straightens up with enlargement
of the thickness of GaN epi-layer over 15 μm. This result is in agreement with a reduction of the
Y-PL intensity correlated with an increase of the epi-layer thickness (Fig. 4(d)).

Variation of the fractal index of an epi-layer (Fig. 5) is also correlated with the relative amplitude
of an asymptotical component in the MW-PC transients (Fig. 6(a)) represented as a function of epi-
layer thickness. The larger the relative amplitude of the asymptotic decay component is, the larger
fraction of the excess carriers is involved into a random-walk/trapping within the inter-crystalline
area, and the less fraction of the excess carrier density recombines in the micro-crystal volume.
The relative amplitudes of the asymptotical component in the MW-PC transients obtained in the
same thickness (2.5 μm) epi-layers (grown by using VU and TU MOCVD reactors) is compared
in Fig. 6(a). It can be deduced that nearly the same quality of the GaN epi-layer is obtained if the
growth regime is similar. However, the crystal quality is reduced under deviations from the optimal
growth temperature regime. The stretch-exponent component within MW-PC transients correlates
with manifestation of the traps responsible for the PL, - such a correlation can be deduced from
comparison of the excitation intensity dependent changes of amplitudes of the asymptotic component
in the MW-PC and PL transients, Fig. 3, and Y-PL transients, shown in Figs. 3(b) and 6(b).

For thin epi-layers, the impact of the surface recombination should always be evaluated. In the
dislocation-rich thin samples, the surface recombination can be significant due to several reasons:
i) the recombination on layer surfaces, ii) the recombination on dislocations cylinders (threading
dislocations prevail), iii) the surface recombination on boundaries of a micro-crystal. The surface
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FIG. 5. Evaluation of the fractional index α by linearization of the normalized MW-PC transients at Iex ∼= I0, ascribed to the
non-radiative recombination (a), and variation of the fractional index as a function of epi-layer thickness (b).

recombination on the epi-layer interface/surface should be dependent on layer thickness d. Assuming
the un-matched crystal cell constant at the interface between the GaN and sapphire, the largest
surface recombination velocity s → ∞ could be ascribed to this interface. For rather large surface
recombination velocity, the recombination is limited by carrier diffusion to this interface. The shortest
effective carrier decay lifetime τD is then evaluated as τD = d2/π2

D ∼= 1–125 ns for the entire range
of layer thicknesses examined. Here, D ≥ 5 cm2/s is the coefficient of the carrier diffusion (estimated
using the mobility values in Table I). The square symbols in Fig. 7 represent the simulated τD values
calculated for the epi-layers examined as a function of layer thickness.

It can be noticed that the specific lifetime values cover the time scale from 1 ns to hundred of
ns, measured at low excitation (pulsed) level n/n0 < 1 (where excess carrier density n is significantly
lower than equilibrium carrier density n0 > 3 × 1016 cm−3, Table I, i.e. n � n0). However, the
inherent lifetime values measured by MW-PC technique show the significantly longer characteristic
times. Additionally, any clear dependence of the MW-PC decay on the epi-layer thickness was not
revealed. The surface recombination on micro-crystal boundaries (which size can also be represented
through d = φ, with φ a diameter of a micro-crystal) can also be estimated by assuming very rapid
surface recombination and using τD. The probable value of a diameter of the micro-crystals should
be less than the thickness of a layer. Then, the simulated τD dependence on d is represented by a
solid line in Fig. 7. It can be deduced from this dependence that the characteristic τD times should
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FIG. 6. (a)-Ratio of the amplitude of the asymptotic component in the MW-PC transient to peak amplitude of the residual
MW-PC response as a function of an epi-layer thickness for Iex ∼= I0. (b)-Variation of the Y-PL transients dependent on
excitation density in the 2.4 μm –thick GaN 1047 sample.

FIG. 7. Simulated lifetime (τD) of the diffusion limited surface recombination as a function of the epi-layer thickness (d)
and of the effective distance (�dislocation) between the dislocations.
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be shorter than 10 ns for the layers investigated. This is in good agreement with a range of the
measured decay lifetimes for UV-PL and B-PL. Thereby, it can roughly be inferred that UV-PL
is limited by the size of micro-crystals and the surface recombination on their boundaries, while
B-PL is determined by the carrier (from the inter-crystalline area) recombination on the dislocations.
For the recombination on the dislocations, the effective length �dislocation can be estimated using a
probable surface density Ndisl of dislocations and assuming their nearly homogeneous (integrally)
distribution, as �dislocstion = N1/2

disl. A diameter of dislocation is determined by space charge region
surrounding it. Really, this diameter can reach a measure of about 1 μm. Thereby, the largest density
of dislocations is also limited, even for the compact deployment of micro-crystals and surrounding
dislocations. The probable τD range due to �dislocstion changes is again represented by a solid line
in Fig. 7. Values of τD ∼1–10 ns correlated with Ndisl ∼108 –1010 cm−2 (Table. I) agree with the
experimentally observed range for the B-PL and the initial component of the MW-PC transients.

IV. SUMMARY

The microwave probed–photoconductivity (MW-PC) and spectrally resolved photo-
luminescence (PL) transients were simultaneously examined using an ultraviolet (UV) light
354 nm pulsed (500 ps) excitation. Analysis of the normalized MW-PC transients enabled us to
distinguish the carrier decay components associated with carrier decay within micro-crystals and
the disordered structure on the periphery areas surrounding crystalline columns. This examina-
tion combined with analysis of the PL spectral and temporal changes allowed for attribution of
the trapping component, revealed in MW-PC transients, to the yellow Y-PL band in the range of
hν < 2.4 eV. It has been obtained that intensity of UV- PL band increases with excitation density,
while intensity of B-PL band is nearly invariant. The B-PL has been ascribed to carrier recom-
bination on the dislocation cylinder surfaces. Fractional index α with values 0.5 < α < 0.8 was
evaluated for the stretched-exponent component which fits the experimental transients determined
by the disordered structure ascribed to the periphery areas surrounding the crystalline columns.
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