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Abstract. Extending earlier studies of photon recycling effect in GaAs, estimations are found for a
new promising wide band-gap semiconductor GaN. Relying on available data, approximately one
order higher radiative recombination coefficient and absorption coefficients than in GaAs and equal
or greater Urbach energies than in GaAs are valid for GaN. The distance-dependent radiative
recombination transfer functions are introduced and studied for typical charge carrier distribution
cases. In spite of high absorption rates of GalN, the estimations show approximately one order of
magnitude higher photon recycling efficiency than in the case of GaAs. By numerical simulations,
the possibility of appearance of the S-shape forward I/V characteristics of p-i-n structures due to
strong photon recycling is shown.
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1. INTRODUCTION

The recombination radiation reabsorption phenomenon in direct band-gap
semiconductors was first described by Dumke[']. This so-called photon
recycling [] effect has at least two consequences. First of all, it is efficiently
compensating the channel of radiative recombination of charge carriers and,
secondly, it is causing an additional electron-hole pair diffusion, if there is a
gradient of radiative recombination distribution or, in other words, a gradient of
electron or hole concentrations. Dumke found that the photon recycling givesrise
to a carrier diffusion described by an effective diffusion coefficient, called the
photon diffusion coefficient:
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where («™?) isasuitable average over the inverse squared absorption coefficient
and 7, istheradiative lifetime.

Dumke estimated the magnitude of the photon diffusion coefficient in the
order of 1cm?s, which is quite small compared to actual charge carrier
diffusivities. So it was concluded that the photon recycling should have only a
minor effect on the carrier transport in semiconductors with high absorption
coefficient at photon energies close to the band edge.

Since 1960s, GaAs has been one of the most frequently used optoelectronic
materials. In 1970, Alferov with his collaborators [*] accomplished the
continuoudly operating GaAgAl,Ga, ,As heterostructure laser. This devel opment
gave anew impact on GaAs based materials and device research.

In the second half of 1970s, the power diode[*] and thyristor [] structures,
based on a lightly doped n-type epitaxial GaAs layer, were manufactured in
Alferov’slaboratory. Subsequent experimental [*”] and theoretical [*°] investiga-
tions of these structures revealed a remarkable influence of photon recycling on
the electrical characteristics of the devices. It was shown that besides intrinsic
photon recycling in the n-base region, a relatively long wave recombination
radiation, emitted from the p*-emitter and absorbed in the far edge of the n-base,
has strong influence on the 1/V characteristics of the device at high current
densities.

Expectations were high, but nowadays GaAs-based power devices are not
especially widespread. Nevertheless, investigation of photon recycling effect is
still topical, but now, for example, in connection with solar cell design
(AlGaAs/GaAs/AlGaAs heterostructure [*°]) or photoluminescence spectra
analysis (n-InP ["] and InP/InPGaAs [*9]).

At present, some wide band-gap semiconductors as certain SiC polytypes,
GaN and even C (diamond) are considered as promising future materials. Apart
from others, gallium nitride has two direct band-gap type polytypes, 2H-GaN and
3C-GaN, and therefore the photon recycling would play an important role in
structures based on these materials. But, as usua in case of novel materials, some
values of GaN electrical and optical parameters are still uncertain and causing
problems in quantitative analysis of the photon recycling effect. The situation is
quite different from GaAs, for which a reliable set of all necessary parametersis
available.

In this paper, we will discuss a comparison methodology for the photon
recycling effect in GaAs and 2H-GaN. In quantitative estimations for GaN we will
choose from rather uncertain published data those that propose approximately one
order higher radiative recombination coefficient B and absorption coefficient «
than in GaAs, and equal or greater Urbach energy E,, than in GaAs. From semi-
conductor device simulation viewpoint, the photon recycling effect is associated
with modelling of radiative recombination R and radiative generation terms G, in
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continuity equations. We shall discuss also one-dimensional numerical simulation
results for p-i-n structures where strongly non-uniform charge carrier density
distributions are remarkably affected by the recombination radiation.

2.MODELLING OF THE GENERATION TERM

Probably the first completely numerical simulator, accounting for recombina-
tion radiation reabsorption effect in multijunction direct band-gap semiconductor
structures, was developed by Velmre with collaborators [****]. The mathematical
model used in this one-dimensional (1D) simulator was based on the finite
difference solution of the full set of semiconductor equations in drift-diffusion
approximation with boundary conditions on the terminal contacts of the structure.
The electron and hole continuity equations have been modified to take account of
the carrier generation due to reabsorption of the band-to-band recombination
radiation. Simulation results [***] of forward steady-state characteristics of GaAs
p-i-n diodes demonstrated a significant role of the photon recycling on the
behaviour of the power devices, especially at a high operation current level.
Unfortunately, the Seidman—-Choo iterative scheme [*°], which was implemented
in our early simulators, was not efficient at high forward currents. Later on, a
more efficient coupled solution numerical approach [*] was developed that
removed most of the convergence problems at high injection and high radiative
recombination—generation levels.

Assuming band-to-band radiation recombination and neglecting traps, the
electron and hole recombination—generation rates R, and R, in the electron and
hole continuity equation are equal and given by

Rn:Rp:Rnr+Rr_Gpr' (2)

where the non-radiative recombination rate R, is a sum of Shockley—Read-Hall
and Auger recombination rates, G, denotes generation of electron-hole pairs due
to the readsorbed photons and the radiative recombination rate R iswritten as

R =B(np-n?), (©)]

where B is the band-to-band radiation recombination coefficient. For GaAs the
value of B is known rather well even for different doping levels and
temperatures. We have used here B= 7.21 x 10° cm¥/s[*'], which is a standard
value for low-doped GaAs at 300K. Unfortunately, reference sources suggest for
GaN still very diverse values of the coefficient B within avery broad range: e.g.,
from 2.4 x 10 " [*¥] and 5 x 10 ™ [*] to 1.1 x 10 ® cm¥/s[*]. However, consider-
ing that widely used Roosbroeck and Shockley theory [*'], based on an applica-
tion of the principle of detailed balance, associates higher absorption coefficient
« with higher radiation efficiency (see below) and several experiments have
shown high « values at photon energies E close to bandgap E; for 2H-GaN,
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eg., 2.6 x10°["], 6.3x 10°[?] and 8.8 x 10°cm™ [®] (over typica value of
GaAs 0.78 x 10* cm * [?#]), in the present study we have relied on the paper by
Muth et al. [*] which gives coefficient B about 15 times and the shortwave
absorption coefficient « about 12 times as high asin GaAs.

The 1D treatment of photon recycling processes must operate with photon
emission plane coordinate X' and photon absorption plane coordinate x and with
the distance between these planes u = |x — x’|, athough propagation and absorption
of photons are in redlity of 3D nature. Severa authors have discussed that
problem [Z]. Our earlier publications[***] have followed mainly the approach
of Kuriyama et al.[*]. If monochromatic photon flux, emitted at x', would be
paralel to the x axis and equally distributed between two possible directions, the
probability that a photon reaches coordinate x would be P = exp(—« u)/2 and the
probability that a photonis absorbed at x inalayer dx becomes

oP 1
——dx==aex u) dx.
Py > p(-a u)

If arealistic 3D picture of uniformly distributed photon propagation directions
is calculated and integration over al possible angles & is performed, the last
expression is replaced by

712
_P =L o jexp( au/cose)s'—"ede——la Ei(—au)ds,  (4)
aou 2 2

where Ei(2)= jz exp(t)/tdt with z<0O denotes the exponentia integral
function. This formulation may be used for homogeneous « within the limits of
the described area (x...x').

Introducing the normalized emission spectrum o (E) and the coefficient of
internal photoeffect S(E) (i.e., probability that an absorbed photon with energy
E creates an electron-hole pair), integration over photon energies E and photon
emission (recombination) coordinates X' yields the following general expression
for the photon recycling generation rate G, at an arbitrary point on the x axisin

case of homogeneously doped layer with thickness w [4%]:
Gpr(x)ifa(x')F(u)du, (5)
where
F(u)= —%:fﬁ(E)p(E)a(E)Ei (—a(E)u)dE. (6)

The following remarks should be made in respect of the model defined by
Egs. (5) and (6). Although in Eq. (6) the function Ei(—au) and thereby also
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F(u) exhibit In u|—type infinity at u— 0, the integration in Eqg. (5) gives still
finite generation rates if the limit u— 0 is correctly handled. If =1 and the
normalized radiation spectrum j p(E)JE =1 is used, then integral over all
distances fo F(u)du approaches the value 1/2. In practical calculations the
necessary range of photon energies may be usually restricted by 0.15 eV around
the peak energy of radiation spectrum. If necessary, the radiative recombination
transfer function F(u) may be calculated for any interval of photon energies,
e.g., separately for the long-wave and short-wave part of the spectrum.

Throughout the present study, internal and external interface reflection effects
have been neglected. This simplification is justified for sufficiently thick
homojunction power device structures where the main part of the base region is
far from internal (pn-junction) or external (contacts, structure surface) reflective
interfaces. Also in the calculations below we have assumed the lossless
generation of new electron-hole pairs by reabsorbed photons (£ =1).

In principle, both measured and calculated spectra may be used in numerical
simulations. In this paper, the van Roosbroeck—Shockley relationship [#]

p(E)=c,n*(E)ar(E)E*[exp(E/kgT) -1~ (7)

was applied for the calculation of semitheoretical emission spectrum by empirical
absorption data «r(E) and refractiveindex n(E). The coefficient ¢, was defined
from the normalization condition j p(E)JE =1
Experience shows that for ?emperatur&s equal and above the room
temperature, when exciton peaks and impurity-related absorption effects become
less noticeable, the energy dependence of the absorption coefficient near the
band-gap energy may be approximated as follows:
- <
a(E) = {am exp((E-E,)/Eyy), E<E, )
a, +A(E-E,), E>E,

where energy E,, defines maximum of the radiation spectrum in Eq. (7) and is
close to the material band-gap E,, ~E;, «,, is the characteristic absorption
coefficient at E=E,,, A, characterizes the increase of « at higher photon
energies (less important here due to narrow E range) and E,, is the well-
known “Urbach tail” energy of 10 meV range[*] that characterizes exponential
decrease of the absorption coefficient at lower photon energies (and consequently
propagation of longwave recombination radiation). For GaAs we have used the
following values of the parameters. E, = 1.424eV, o, = 7.8x10°cm*’

Eyp, = 6.58meV and A = 3 x 10* cm eV [?] that give an apprOX|mat| on error
less than +5% for the experimental low-doped n-GaAs data[*] at T =300K
in the photon energy range from 1.39 to 1.59 eV. In the present work we have
used energy-independent n=3.64 for GaAs[”]. In the case of rather poorly
characterized 2H-GaN we have taken E, = 3.42eV, «,, = 8.8x 10*cm™,
Eyp= 13meV and A, = 9x10*cm eV [*] and dightly energy-dependent
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Fig. 1. Congstent specification of the absorption coefficient « (E) and refractive index n (E) (8 and
the Roosbroeck—Shockley type recombination radiation spectrum p (E) for GaN-2H (b). Refraction
index has been taken from Ejder [¥]. The varied parameter is the Urbach energy E,j,, that defines the
decrease of both « (E) and p (E) a lower photon energies according to Egs. (7) and (8).
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refractive index N(E)=2.65+C(E—-E,); C.=06/ev [¥. Since for
photon recycling very important is contribution of long-wave photons, we have
below in several casestried different E,, valuesfor GaN.

Figure 1 illustrates the procedure of consistent specifying of «(E) and p(E)
in the case of 2H-GaN relying on Muth et al.[*]. The Urbach energy
Eup =13 meV is selected as a basic value for the following GaN-2H calcula-
tions. It is important to notice that within the present procedure, if we use
Roosbroeck—Shockley radiation spectrum (7), the Urbach energies must remain
below kgT in order to assure realistic long-wave spectrum.

3.RESULTS
3.1. Investigation of the radiative recombination transfer function

In our earlier studies, numerical simulation of different GaAs device
structures [*'] or analytical approximations for carrier modified diffusion
coefficients and transfer factors through the device layers were considered [%].
The pure numerical simulations usually do not reveal explicitly the important
interrelations between physical quantitiesin awider scale. On the other hand, the
simplified analytical approximations underestimate different mechanisms, in the
present case first of al the long-distance influences of low-energy photons. A
more systematic investigation of photon recycling effect for different distances,
photon energy ranges and material parameters may be performed on the basis of
the radiative recombination transfer function F(u) defined by Eq. (6).

162



10%
i
i S
10 i e ?:%“
i o Gafs
g R EUI‘b =6.58 mel
103 PR
.:I: - " *
100 RREEL) \
i GaM-2H
S -
Fyp =13 meu 77
N Fp = 6.58 mey
10 k
N
Y
\\
1.0 N,
Gafs i
shortwave i e GaM—2H ; :
“shortwave ) Al
0.1 IR E R " \
0.01 0.1 1 10 100

14, [Lin

Fig. 2. Comparison of radiative recombination transfer functions (see Egs. (5) and (6)) for GaAs
and 2H-GaN.

Figure 2 compares the calculated values of F(u) for GaAs and 2H-GaN. For
short distances the limit approximation Ei(z—0)—In|Z yields estimation
F(u) > —(@,/2)Inje,,u that is confirmed by the results in Fig. 2. This limit
approximation predicts that at very small distances the ratio of F(u) for two
materials must approach the value &g /@ mcas ~11. Physically it means that
at short distances remarkably below characteristic absorption length L, =1/,
(about 1.2 um for GaAs and 0.11 um for 2H-GaN), where the decrease of photon
flux is not yet significant, the radiative generation is roughly proportiona to «
and GaN is approximately one order of magnitude more efficient than GaAs. At
distances above about 5 L, , the short-wave F(u) componentsin Fig. 2 exhibit
abrupt decrease and the contribution of long-wave photons becomes dominant.
As expected, at that the Urbach energy has a remarkable influence so that
approximately two times greater E,,, of 2H-GaN makes it comparable with
GaAsalso for longer distances.

However, it should be emphasized that F(u) does not take into account the
difference of radiative recombination coefficients B of materials. If remarkably
higher B of 2H-GaN would be considered, the much more stronger phonon
recycling effect of that material in comparison to GaAs would become clearly
visible for al distances. Additionally, in structures the situation with spatially
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uniform charge carrier densities and respectively uniform radiative recombina-
tion rates is not interesting when considering the role of the phonon recycling
effect. The strongest influence of that effect should appear in the areas of the
structure with low electron and hole concentrations, where reabsorption of
radiation from areas with high e-h concentrations should remarkably change the
carrier distributions. Respectively, a more advanced investigation must besides
F(u) take into account also spatially nonuniform e-h distributions. Those
spatially nonuniform e—h distributions may be often described by exp(+x/L)-type
functions (L is the ambipolar diffusion length) if we consider ambipolar carrier
injection (diffusion) into low doped layer or minority carrier diffusion into high-
doped layer. In the case of a forward-biased p-i-n structure, the injection of
charge carriersinto low-doped i-layer from both emitters forms a cosh(x/L)-type
carrier profile as shownin Fig. 3.

The modified photon recycling efficiency function that takes into account the
difference in radiative recombination coefficients of different materials and uses
typical free carrier cosh(x/L)-type distribution profile (and consequently
cosh’(x/L)-profile for R.) in low-doped i-layer of a p-i-n structure under high
injection conditions, where electron and hole concentrations exceed clearly the
donor and acceptor dopant concentrations, p~n>> Ny, N, (seeFig. 3), may be
presented in the following form:

Fiar (U) = cosh?(u/L,)F (u). (9)

GaAs

Equation (9) characterizes the additional generation rate near the carrier
distribution minimum in low-doped region. Here u varies from zero to halfwidth
of the low-doped layer. An additional device parameter introduced into this
treatment is the carrier ambipolar diffusion length L,. For a first approximation

p(x) =z, cosh (222)

Fig. 3. The typical charge carriers (p~ n) distribution in low-doped semiconductor layers in the
case of two-sided injection (p-i-n diode at high forward current density).
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this parameter may be evaluated using non-radiative carrier lifetime:
L, =(D,z,)"?, D,=2D,D,/(D,+D,); here D, and D, are the electron and
hole diffusion coefficients. Shorter L, gives more steep carrier gradients and
respectively stronger influence of photon recycling effect near the carrier
distribution minimum in a low-doped layer. Results for the modified photon
recycling efficiency function, defined by Eqg. (9), are presented in Fig. 4.

Figure 4 reveds clearly the remarkably stronger influence of photon recycling
effect in 2H-GaN than in GaAs. Additionally it gives the possibility to estimate the
device dimensions and carrier diffusion lengths for which the photon recycling
becomes important. In contrast to F(u), shown in Fig. 2, which demonstrates only
decreasing influence of radiative recombination at longer distances, the modified
function in Fig. 4 shows clearly that starting from device dimensions of about
10 um, very strong influence of photon recycling isto be expected.

As aready mentioned, often over-equilibrium carrier density distributions in
semiconductor device layers may be described by exp(u/L)-type functions. Then
in the case of low-doped layers the electron and hole concentrations are nearly
equal and radiative recombination follows the R, ~ pn~exp®(u/L) shape and
parameter L must be treated as ambipolar diffusion length. In the case of high-
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Fig. 4. The modified photon recycling efficiency function (Eg. (9)) F,\ﬁiﬂT (u), characterizing
rediative generation intensity near the carrier distribution minimum in low-doped layer of a p-i-n
structure.
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Fig. 5. Comparison of photon recycling efficiency functions for different versions of Eq. (9).

doped layers like, e.g., emitter regions of p-i-n structures, where due to high
majority carrier concentration the radiative recombination rate may be locally
very high, only the minority carrier distribution follows exp(u/L)-type function
and respectively R, ~exp(u/L); here L isminority carrier diffusion length. The
corresponding results for different versions of the modified photon recycling
efficiency function (9), where instead of cosh*(U/L) either exp”(u/L) or exp(u/L)
is used, are presented in Fig. 5. As one can see, the exp?(u/L)-type recombination
term predicts stronger influence of recombination radiation than the cosh?(u/L)-
type recombination term.

3.2. Comparison of the influence of photons with different energies

Figures 2, 4 and 5 take into account more or less wide spectrum of photon
energies. However, it may be estimated that at short distances the main contribu-
tion to F(u) is given by high-energy photons and at longer distances by the
photons with lower energies. To investigate this question more precisely, for
every distance u the most efficient photon energy and energy limits towards
higher and lower energies that give 90% and 99% of F(u), were defined. The
results are presented in Fig. 6.
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Fig. 6. Contribution of photons with different energies to the recombination radiation reabsorption
in GaAs and 2H-GaN.

Figure 6 demonstrates clearly how the domination of short-wave photons at
short distances is replaced by domination of long-wave (low-energy) photons at
longer distances. The characteristic distance at which the short-wave influence is
replaced by the long-wave one, is approximately from 7 to 8 times the
characteristic absorption length 1/«r,, (that is about 1.2 um for GaAs and
0.11 pm for 2H-GaN). To perform calculations with 1% accuracy in the case of
GaAs, structure sizes up to 100 um and in the case of 2H-GaN, structure sizes up
to 40 um and photon energies approximately 10E,,,, below the spectrum peak
energy E,, must be considered.

3.3. Numerical simulation of a p-i-n structure

In order to check the presented predictions in the case of areal structure below
full drift-diffusion, 1D numerical simulation results for 40 um basewidth GaAs and
2H-GaN p-i—n gtructures are compared. The Shockley—Read-Hall lifetimes 12.8
and 30 ns are specified repectively for GaAs and 2H-GaN in order to obtain (hon-
radiative) ambipolar diffusion length 5 um in the base layer. In 5 um thick emitter
layers 10 times shorter SRH-lifetimes were assumed. The doping concentrationsin
p- and n-emitters as well as in the base layer were taken equal to 10™ cmi®. The
radiative recombination R, and photon recycling generation G, were modelled as
described above. All additiona finer mechanisms like Auger-recombination,
electron—hole scattering and band-gap narrowing were excluded. The electrical
band-gaps 1.424 and 3.42€V were used for GaAs and 2H-GaN, respectively.
Calculations were performed for the room temperature 300 K. For comparison some
results for the fixed local balance G, / R, =0.95 are presented. This approach has
been earlier proposed for practical GaAs power device caculations[*].

The main results of simulations are presented in Figs. 7 and 8.
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Fig. 7. Forward 1/V curves for GaAs and 2H-GaN p-i-n structures caculated by 1D drift-diffusion
device simulator DYNAMIT-1DT.

In general the obtained results confirm theoretical predictions. Both I/V curves
and internal carrier distributions confirm that in the case of 2H-GaN the photon
recycling effect is approximately one order of magnitude stronger than in the
case of GaAs. Although the internal local ratios G,, /R, in the vicinity of the
carrier distribution minima are much greater in the case of GaAs (Fig. 8), the
hole distributions in the base region of a GaAs structure are only moderately
affected by the photon recycling even at high current density equal to 10* A/cm.
In contrast to that, in the 2H-GaN structure the hole concentration distributions at
high forward current densities are drastically changed by the photon recycling
effect (Fig. 8). The S-shape I/V curves are obtained for GaN in the case of both
Urbach energies, 13 meV (estimated 2H-GaN value) and 6.58 meV (standard
GaAs value for comparison). By comparing curvatures of p(x) at 10* Alem?, it
may be estimated that the photon recycling effect increases the effective
diffusion length approximately 10% in the case of GaAs and severa timesin the
case of 2H-GaN.

Simulation of the 2H-GaN device demonstrates clearly that the simplified
local balance (G, / R =const) approach totally conflicts with full photon
recycling model results. Whilethe photon recycling lowers the carrier distribu-
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tions near the base region borders and fills central base area with additional charge
carriers, this simplified approach fixes the strong unbalanced recombination
channel with a very short effective lifetime due to the high radiative recombination
coefficient B of GaN; that, in turn, essentially decreases charge carrier con-
centration in al the base area and drastically rises forward voltage drops.

It is worth to mention that some simulations were performed for the GaN
structure with different basewidths. From those simulations it was found that
basically the photon recycling has ambiguous effect when considering the
appearance of the S-shaped 1/V curves. The filling of central base region with
additional charge carriers decreases the voltage drops and facilitates the
appearance of the S-shape. The unbalanced strong radiative recombination near
the base region borders decreases there effective lifetime and charge carrier
concentration in the base area in general that increases the voltage drops and
restricts appearance of the S-shaped I/V curves.
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4. DISCUSSION AND CONCLUSION

In this paper the strength of photon recycling effect was estimated for a new
promising wide band-gap semiconductor 2H-GaN. Critica analysis showed that
the necessary data for GaN are still very uncertain, especially in comparison with
GaAs. The vaues of the key parameters like radiative recombination coefficient,
given by different authors, vary for more than two orders of magnitude. However,
we decided to use data which predict approximately one order of magnitude higher
radiative recombination coefficient and absorption coefficients than in GaAs.
Limited space of the present paper does not allow us to present here additional sup-
porting calculations for this decision. Considering energy dependence of the
absorption coefficient and radiation spectrum, we relied on the well-known Roos-
broeck—Shockley formulation of the balance. Using this approach, the Urbach
energy cannot exceed the value of thermal energy ksT. Following the paper by
Muth et al. [*], we decided to use Urbach energy 13 meV, which is approximately
twice higher than established value for GaAs. With this discussion we want to
emphasize that we have used rather small Urbach energy value for GaN as
compared to 2040 meV used by some authors. For this reason it is possible that
we have underestimated the contribution of the long-wave photons and thereby the
effect of photon recycling in GaN. But even in the case of moderate Urbach energy
our estimations show that in spite of high absorption coefficients the photon
recycling effect in GaN should be approximately one order of magnitude stronger
than in GaAs. For this comparison we have developed and offered here a
methodology that is based on radiation recombination transfer function together
with predictons for typical carrier distributionsin the layers of the device. It should
be mentioned that throughout this study we have used the assumption that the
coefficient of internal photoeffect S(E), i.e., probability that absorbed photon with
energy E creates an electron-hole pair is equal to 1. This means actualy nearly
lossess photon recycling and in this respect we have studied the optimistic
estimations. Unfortunately, very limited information may be found from literature
about the behaviour of . Limited space allowed us to present here only one
example of numerical simulation of a p-i-n structure. However, this example
confirms the overall conclusion that in GaN the effect of photon recycling is
probably much stronger than in GaAs.
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Footonite tagasineeldumise vordlus
GaAs ja GaN-struktuurides

Enn Velmre ja Andres Udal

Varasemate, peamiselt GaAs-iga seotud uuringute edasiarendusena on kasit-
letud vordlevalt tsoonidevahelise rekombinatsioonkiirguse tagasineeldumist
GaAs- ja GaN-struktuurides. Kirjanduse andmetel on GaN-i rekombinatsioon-
kiirguse ja optilise kiirguse neeldumise tegurid umbes kiimme korda suuremad
kui GaAs-il, kuguures pikalainelise kiirguse neeldumisspektrit iseloomustava nn
Urbachi energia kohta on andmed vastukaivad. Materjalide vordlust hdlbustavat
rekombinatsioonkiirguse Ulekandefunktsiooni F(u) uuriti erinevate neeldumis-
teguri vaartuste ja rekombinatsioonkiirguse pikal ainelise spektriosalaiuste korral.
Tulemused néitavad, et tugevale neeldumisele vaatamata on footonite tagasi-
neeldumise efektiivsus GaN-is umbes suurugjargu vorra kdrgem kui GaAs-is.
Suurtel voolutihedustel v8ib see pbhjustada p-i-n-struktuuri pinge—voolukarak-
teristiku S-kujulise kdverdumise.
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