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Modeling of light transmission in multil
epitaxial AIN/GaN structures for biom
pyrosensors
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rather complex modes of radiation expo
performance of diagnostic, therapeutic ai
leads to an urgent need for appropri

s a basis for the
fabrication of pass-through ic sensors embedded in a
subcutaneous light guide. The ors in vivo will allow the
local study of the absarption or

laser beam. Fo ematical model of light propagation
i at generation was constructed and a
g post-pulse temperature distributions
¢ pyrocoefficient at different values of thickness and
absorbing GaN layers was developed in the
criterion for the efficiency of the sensor

Sensors based on the pyroelectric effect have long been used for diagnostics and
casurement of energy parameters of pulsed laser radiation [1, 2], but due to the
rgence of new applications of lasers, including for solving various medical problems [3,
4], there is an urgent need for the development of new diagnostic tools.

Nowadays lasers are successfully used for instance for myocardial revascularization in
case of non-shuntability of coronary arteries to form artificial channels (single pulses of
millisecond duration [5, 6]). Lasers are also used for cancer therapy (detection of tumor
localization using luminescent photosensitizers and subsequent exposure to powerful
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destructive pulses) [7-9]. [7-9]. Lithotripsy operations are also known, providing
defragmentation of unwanted solid formations using long series of non-periodic pulses,
which leads to destruction of the target as a result of photoacoustic effect [10]. Traditional
application of lasers in ophthalmology in the form of refractive microsurgery uses
picosecond and femtosecond modes [11].

Thus, the use of laser exposure allows to provide diagnostic, therapeutic and surgical
procedures, including those applied to the same intracavity object. This, in tu
require the combination of several laser modes and the organization of a very
spectral-pulse structure of radiation, which is achievable with the joint use
different lasers.

On the other hand, the emerging tendency to complicate the tempor:
beam creates the need for control systems based on recording and
parameters of laser impulses in real time and directly during the

plex
{ several

subcutaneous operations, as well as provide the possibility i i s of
inadvertent deviation of beam parameters (for instance,
rate) beyond the specified parameters.

Since a significant part of laser operations are of s terascopic type, the
integral elements of the optical path are the means
action (light guides), this objective can be solvgd by using pass-through optical sensors,
almost transparent in the whole spectral range a:
s based on the pyro-effect
typical for crystals having
undoubted advantages of this
ad excellent biocompatibility, which

computer simulation and research of light
AIN/GaN epitaxial structures (in which electrically

ges and, in particular, when absorbing radiant energy) is characteristic of
crystals (namely, those having a lattice like wurtzite or perovskite) and
self when heated in the form of the emergence of charge on its opposite faces.
In the case of sufficiently low conductivity of the crystal, this excess charge is not
pensated by free carriers, remains for a long time and can be easily registered.
Since the effect of a laser pulse leads to heating of the target, pyroelectric materials have
long been used in laser radiometry to measure the energy of pulses, however, due to the
absence or difficult availability of the corresponding single crystals, until recently, opaque
polycrystalline composites (ceramics based on ZrPbTaO3, LiTaO3 or ZnO) were used for
sensor elements.

At the same time, the intensive development of epitaxial technologies of semiconductor
[I-nitrides (GaN, AIN) and wide-gap oxides (Ga203, ZnO), observed in recent years and
associated with the development of the UV range, has created prerequisites for obtaining
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crystallographically perfect epitaxial layers on various substrates [15,16], studying their
thermophysical properties [17], and stimulated the research of pyroelectric effect in
epitaxial AIN-structures [18,19].

The basis for the choice of aluminum nitride as a material for the basic sensor element
for bio-medical applications among other pyroelectric materials are the following
considerations. Being a large bandgap semiconductor (width of the forbidden zone
Eg=5.9¢V), unalloyed AIN is transparent up to the UV region, has the lowest condugi
among known pyroelectrics, high mechanical strength, chemical resistap
thermostability of parameters [20]. In addition, an important advantage of
considered perspective is its technological compatibility with other material
allowing to obtain high quality multilayer structures.

Earlier [21], an epitaxial structure of an almost transparent GaN/Al

and doping level in terms of reducing thermoelastic str
boundaries.

Such a three-layer structure of the electrode
simplest, therefore, taking into account the desi
question of the practicality of complicating t
number of such three-layer functional groups o
beam. In this case, the possibility of pasa
opportunities to reduce the necessary
level of output signal. This reductio
temperature, which is desirable

uding by increasing the
long the path of the light
sensors creates additional
of aGaN, providing a given
to a decrease in the maximum

At the same time, a relatively simple case of
can be realized using double-sided epitaxy,

n carried out, with the focus on optimizing the parameters (thickness
e layers to obtain the maximum sensor pyroresponse.

and investigated sensor structure is primarily oriented to HVPE-
in the framework of which it is possible to controllably obtain layers with
of ~0.5+200um. AIN layers demonstrate the properties of a typical dielectric
with record low conductivity, and semiconductor GaN layers during growth using SiO»
actor are characterized by background introduction of oxygen and silicon atoms creating
11 donor levels (n-type) with the concentration of Ny centers, allowing technological
control in the range of 10" + 10%c¢m.

Since the width of the forbidden zone E; for GaN is 3.39 eV, the edge of the
fundamental absorption corresponds to ~A=0.33 um, and at longer wavelength of radiation
its absorption occurs mainly on free carriers (on electrons in the case of n-type
semiconductor), which is expressed in particular in the proportionality of the light
absorption coefficient o, of donor concentrations Ng.
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This important circumstance suggests that doped GaN layers at a certain ratio of their
thickness and donor concentration Ny (considering that at ordinary temperatures the
concentration of free electrons n ~Ng) can be almost transparent, and due to the high
mobility of electrons p, maintain acceptable conductivity values p.

This statement follows, among other things, from the fundamental formula for a, (see
[21] and the references cited).

A, = Go (in)/un o a, = Go 'O"sz)/un
where G, = e’ /(47'[280 m *, Tyef )
Here e —electron charge,
— electrical constant,
¢ — speed of light,
m*, — effective mass of a free electron in GaN, define
free electron and equal to m*, = 0.19m.,
nrer — refractive index;
and constant G, for GaN takes a numerical value in the

Accordingly, the concentration of the donor impurity
coefficient should be equal to

1, 3
Nd G—pa ()5

and the conductivity of the GaN electrode lay n be reprefinted as

.=G,-(\*Ny)/ o, “4)
c=eny, = )
(6)

o on the opposite surfaces of the crystal normal to the axis c (their
ess w and volume, respectively V). Then

q.w:@m (7

change AP in linear approximation is proportional to the temperature change,
and the proportionality coefficient is defined as the pyrocoefficient y, which is a material
aracteristic (as opposed to sensitivity k, which is proportional to the area of the active

eicment of the sensor).
AP =y -AT ()
AEq)=y-S-AT =k-AT ©)

The above expressions are usually applied to an ideal crystal, tacitly assuming
homogeneity of the epitaxial layer along its thickness. However, the presence of intrinsic
lattice defects (vacancies, inter-nodal atoms, clusters, etc.) have a noticeable effect on the
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local values of the polarization vector, and the presence of mismatch dislocations of GaN
and AIN lattice constants near their hetero-boundaries creates gradients of the
pyrocoefficient values, which is experimentally observed when measuring the
pyrocoefficient for different values of the AIN layer thickness. The character of this
dependence has the form of a curve with saturation, which occurs at thicknesses of 100-120
mcm, and can be approximated by the following degree expression (on this subject, see

Ref. [19]). 7
P(W)=po -[H(lej

The sensitivity of a pyroelectric sensor k is proportional to its active ar
be taken into account, taking into account the small area of light gui
question of possible ways to even slightly increase the sensitivity of]
be relevant.

3 Modeling and computational details

The temperature change as a result of pulse heatin
related to the amount of absorbed light energy; h
structure characterized by inhomogeneous optj
absorption and heating processes acquire an extr

It is well known from elementary optics that
through a homogeneous medium on theganti

physical parameters, the
aracter.

f light during its passage
ear case has an exponential
0 1s incoming flow rate, A(z) —
2 ing z). Therefore, at passage of the

Ay, exp (-o,2) (1)

If we assume adial i ¢ generat10n (and in most cases the pulse

approx1mat1on will retain its shape during the action of the
the end of the impulse it will qualitatively coincide with

A T(z)-m - Cp = Apa,exp (—6,Z) or

AT(2) = (222) exp (-ap2) (12)
max-10 — temperature change during the pulse exposure,

ific heat capacity of the material,

m — mass of the object.

Based on (12), the temperature distribution within a single layer can be obtained; how-
, in a multilayer structure, each layer is characterized by its own set of parameters,
which leads to non-uniform heat dissipation. Pulse heating of less transparent (GaN) layers
can lead to a significant temperature increase; at the same time, heating of AIN layers or
Al,Os or SiC substrate at the end of the pulse will be practically absent. In addition, in the
general case of multilayer structures, reflection effects from multiple hetero-boundaries can
become significant, which is determined from the Fresnel formulas:

(’12—”1)2 (13)

Ry, =
. 2
(ny+m)
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However, taking into account the closeness of the values of refraction coefficients of
AIN and GaN (ng.n =2.40, nain =2.30), reflections from the boundaries and interference
effects will be considered insignificant, and they will not be taken into account further.
Therefore, without taking into account the superposition of direct and reflected waves, the
modulus of the traveling wave will have the form:

A(z) = Ay -exp(-oyz) 715z<23

Ay (z =z15) = Ay -exp(—oyz;2) z=2zp=wW Ay =
(14a)

A(z) = Ay -exp(-0,2) 72y<z<z

A (z=233) = App -eXp(—0lpzp3)  Z=2Zp3=Z;p+ W,
(14b)

Due to the discrete one-dimensional nature of the layer struc
gy of the light flux completed on the path z A(z), the absorb
bution of absorbed energy density p(z) in a general form it i
of parameters A/(z), Bj(z) and pj(z), each of them refers to a*particu

A4;(z) = Ay;-exp(—a,;z) z Zj+
ij(Z = Zj,j+1) = AOj 'eXP(_aij,j+1) Z=Zj i1 =2t W;

Ayj = Ay (14c)

dary n ncluding air boundaries), co-
ordinates z; are defined through the thic i=th layer w; as z;+; = z; + wj, and in our

particular case of the 7-layer system j=1-

of the indicated energy functions for different values wan and wgan pre-
and families of the same functions for different values of the absorption
tcan, presented in Fig. 2, were obtained. Applying the following procedure to
calculate p(z) to the ideology of equations (5)-(6) derivation, it is possible to obtain postim-
Ise temperature distributions 7(z), and from their averaged values within the layer <7>;.
To evaluate the efficiency of such a pyrometric sensor, it is advisable to introduce a cri-
terion of the quality of its operation kpy:, which would determine the configuration of its
parameters in such a way as to ensure the maximum level of pyro-response at a given value
of the amplitude of the output light flux and, taking into account the desirability of optimiz-
ing the cost of the epitaxial process, for some predetermined total thickness of epitaxial
layers. Such a criterion can be defined as:

Ky =% 4z = 2g), w = Const (16)
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Obviously, such a criterion will reach its maximum value only at some optimal combi-
nation of sensor parameters. Fig. 3 shows a family of dependencies kpyr of the layer thick-
ness ratio for different values of the absorption coefficient, which demonstrates the techno-
logical possibilities of fine-tuning to ensure maximum pyroresponse values.

All calculations used in this work were performed in MATLAB software environment.

4 Conclusions

bcutane-

The observed trend of increasing role of minimally invasive and, in particular,

lows to create universal pyrometric sensors, compatible with
able to work from the mid-IR to near-UV range. Therefore, t
the configuration of such AIN sensors, namely the calc
thickness of the active (AIN) and electrode (GaN) layers for differ:
tion and aimed at increasing their threshold sensitivi;
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