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Abstract.  The use of transparent Al2O3 /GaN/AlN/GaN structures 
as pyrometric sensors for measuring the parameters of high-inten-
sity laser pulses is proposed. The peculiarities of the employment of 
such sensors in laser fusion facilities are analysed. Post-pulse distri-
butions of the absorbed energy density are obtained for various 
parameters of both GaN layers. The local maxima of these distri-
butions are minimised by varying the ratio of donor concentration 
and the ratio of their thicknesses under the condition of invariance 
of the total absorbed energy. The optimal structure configuration is 
established in terms of reducing the possible negative effect of laser 
impact on the pyroelectric coefficient stability.

Keywords: laser thermonuclear fusion, aluminium nitride, pyroelec-
tric effect.

1. Introduction

Among  various  fields  of  application  of  high-power  pulsed 
lasers  (for  example,  laser  technologies,  remote  sensing  and 
laser-plasma accelerators), the laser approach to the problem 
of obtaining a controlled fusion reaction is the most relevant. 
Therefore,  the  research  and  development  focused  on  the 
development  of  new  means  for  recording  the  laser  pulse 
parameters, with allowance for the problem specificity, also 
seem important.

Laser initiation of thermonuclear microexplosion requires 
both a high flux of radiation energy density, which can cur-
rently be achieved using multichannel laser facilities, and ful-
filling a set of conditions to ensure the efficient conversion of 
this energy into the internal energy of the fuel. The efficiency 
of  the conversion and, as a consequence,  the efficiency of a 
laser thermonuclear target largely depends on the homogene-
ity of the profiles of individual laser beams used for the target 
irradiation [1 – 5]. First and foremost, this refers to the com-
pression of targets in direct initiation schemes, which require 
high uniformity of ablator irradiation [3, 4]. At the same time, 
the presence of a certain inhomogeneity of the beam is even 
useful  for  the generation of hot electrons  in some proposed 
variants of shock ignition [5], as well as for the implementa-
tion of several scenarios of fast ignition [6, 7].

To  optimise  the  laser  beam  profiles,  direct  radiation 
recording  is desirable, which allows one  to avoid nonlinear 

distortions when radiation is attenuated. This imposes special 
requirements on the basic materials of the sensors in terms of 
their thermo-mechanical parameters, allowing multiple oper-
ation of the sensor in the course of radiation heating to a tem-
perature of at least 1000 °C.

For example,  in the UFL-2M facility (192 amplification 
channels with  a  beam aperture  of  40 ´  40  cm and  a  pulse 
duration of 3 – 5 ns), the multi-pulse energy at a wavelength 
l =  1.06 mm (i.e.,  before  the  generation of  the  second har-
monic with l = 0.53 mm directly affecting the target) is 4.6 MJ 
[8, 9]. Accordingly, the radiation energy density flux of a sin-
gle  channel  is  q ~ 15  J  cm– 2  and  the  intensity  I(t)  reaches 
~3 GW cm– 2, which provides a basis for the formulation of 
the task of developing sensors with the lowest possible energy 
absorption, i.e. transparent to the radiation of both the fun-
damental frequency and the harmonic used. One of the pos-
sible  approaches  to  solving  the problem of determining  the 
local  parameters  of  high-intensity  beams  is  the  use  of  the 
pyroelectric  effect  implemented  in  semiconductor  structures 
based on materials having a suitable type of crystal lattice, as 
example,  broadband  III-nitrides,  for  which  the  means  and 
methods of microlithography are applicable.

2. Problem statement

The use of the pyroelectric effect for laser radiometry prob-
lems has long been known, and until recently sensitive sensor 
elements  have  been  designed  based  on  the  nontransparent 
ceramic  pyromaterials  (see,  for  example,  [10, 11]  and  refer-
ences therein). However, due to the development of GaN and 
AlN epitaxial technologies, including HVPE technology [12], 
increased attention was paid to the study of similar effects in 
these materials. Aluminium nitride is a broadband (band gap 
Eg = 5.9 eV) semiconductor and, having a lattice of hexago-
nal  symmetry  (wurtzite  structure),  is  characterised  by  the 
presence  of  a  selected  c  axis, which  implies  the  presence  of 
built-in  electrical  polarisation,  as  well  as  its  change  with  a 
change in the lattice temperature, i.e. pyroelectric effect.

Experimental  confirmation  of  the  presence  of  the  pyro-
electric effect  in aluminium nitride  [13], and also  the  subse-
quent study of its characteristic features for a bulk monocrys-
talline material [14, 15], has shown that, as expected, the pyro-
electric  response  in  this  case  is  somewhat  inferior  to  the 
similar value typical of ferroelectric pyroelectrics. Recently, a 
study was conducted of the pyroelectric effect in an epitaxial 
AlN-layer grown by the HVPE method on an electrically con-
ductive  SiC  substrate  supplemented  with  metal  contacts;  a 
laser with wavelength l = 0.98 mm and pulse energy ~0.1 J 
was used for excitation. The pyroelectric signal measurement 
for  such  structures  [16]  and  subsequent  calculation  of  the 
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pyroelectric coefficient showed that its values lie in the range 
(2.5 – 6) ´ 10 – 6 С m– 2 K–1, which is about an order of magni-
tude  smaller  than  the  values  of  the pyroelectric  coefficients 
for  ferroelectrics of  the LiTaO3 or TGS type; however,  this 
circumstance  is  obviously  not  decisive  for  the  detection  of 
high-intensity pulses.

More significant is the possibility of obtaining the GaN/
AlN/GaN multilayer  structures  with  gallium  nitride  (Eg = 
3.39 eV) in a single technological cycle in the form of n-type lay-
ers (of thickness 1 – 50 mm) with a concentration ne of free elec-
trons, directly determined by the donor concentration Nd (ne ~ 
Nd) which is well-controlled in the range of 1017 – 1019 cm–3. Such 
layers, having sufficient, though significantly lower than that 
of AlN, transparency for radiation with l > 0.36 mm and, at 
the  same  time,  characterised by high  electrical  conductivity 
(GaN electron mobility μ n = 200 – 1000 cm2 V –1 s –1), can serve as 
transparent  electrodes.  In  this  regard,  it  seems  appropriate  to 
study the features of energy absorption and heating of such a 
multilayer structure, as well as the possibility of optimising the 
structural and technological parameters of the structure from the 
viewpoint of reducing its maximum local temperature.

3. Modelling and discussion of results

Since the main contribution to the absorption of light in the 
electrode GaN layers is made by its interaction with free car-
riers, the absorption at these wavelengths can be estimated by 
the classical formula for the absorption coefficient an on free 
electrons

G
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  (1)

(Gn = 377; s is the specific conductivity; nref is the refractive 
index; w is the frequency of light; and tm is the relaxation time 
of the ensemble of electrons by momentum [17]), which can be 
presented in a somewhat different form, more convenient for 
further use:

/G nn e n0
2a l m= ^ h ,  (2)

where G0 = e3/(4 p2e0 c3m*n nref ); e is the electron charge; e0 is 
the electric constant; c is the speed of light; and m*n  is the effec-
tive electron mass in GaN, determined through a free electron 
mass me (m*n  = 0.19 me ). Hence, the constant G0 for GaN in 
the ESU units takes the value 6.072 ´ 10–8 (see also [18]).

Since  the  pulsed  heating  of  a  crystal  lattice  is  directly 
related to the amount of absorbed light energy, temperature 
distributions can be obtained based on the general informa-
tion provided by the light absorption laws (it is sufficient to 
consider the case of spatial scales exceeding l) and informa-
tion regarding the thermophysical parameters of the material, 
which is of undoubted practical interest.

The light energy absorbed by the medium as the beam trav-
els  the path z  is defined as B(z) = A0 – A(z), where A0  is  the 
input flux intensity; and A(z) is the value corresponding to its 
decrease with increasing z. For a homogeneous medium (expo-
nential decay), the absorbed light energy density has the form

/ expd dp z B z z A zn n0/ a a= -^ ^ ^h h h.  (3)

In the case of adiabatic character of heat release (the pulse 
exposure  time  is much  less  than  the  characteristic  times  of 
heat redistribution and convective exchange with the air), the 

temperature  profile T (z)  during  the  beam action  retains  its 
shape after the pulse termination and qualitatively coincides 
with the absorbed energy density distribution p(z). In the sim-
plest  case, when  all  parameters  can  be  considered  indepen-
dent of the coordinate and temperature, obtaining such a dis-
tribution,  formed  at  the  termination  of  light  exposure,  is 
reduced  to  solving  the  heat  balance  equation ∆T (z)mCv = 
A0 anexp(– anz), where

∆T(z) = [A0 an /(mCv)]exp(– anz).  (4)

Here ∆T is the temperature change during the pulse action; 
Cv is the specific heat capacity of the material; and m is the 
mass of the object. However, for high-intensity light pulses, 
obviously, one should make allowance for the possibility of 
temperature dependence of some parameters included in the 
balance equation. Directly for the GaN layers that are to be 
subjected to the greatest thermal effects, this applies to both 
the specific heat capacity Cp and an. The absorption coeffi-
cient  is  temperature-dependent primarily  through  the elec-
tron mobility mn, which (at T L 250 K) increases with tem-
perature due to an increase in the contribution of scattering 
on optical phonons [19] and, in the range of 20 – 500 °C, can 
be approximated by the formula mn(T ) = mn0 + mn1T, where 
mn0 = 400 and mn1 = – 0.55. Given that the absorption coef-
ficient  is  an(T )  ~  mn(T )–1,  after  expanding  an(T )  into  a 
Taylor  series  and  restricting  ourselves  to  linear  terms,  we 
obtain an(T  ) = an0 + an1T, where an0 = G0( l2 Nd)/mn0 and 
an1 » 10–2 an0.

As for the specific heat capacity Cp, according to the latest 
experimental data [20, 21] it depends on the temperature in a 
sophisticated way, so that the approximation of this value by 
a  polynomial  curve with  the  preservation of  the  first  terms 
and  subsequent  transformation  leads  to  the  expression  (in 
J  g–1  °C –1)

Cp(T ) -  Cp0 + Cp1T,

where Cp0 = 0.41 and Cp1 = 3.06 ´ 10 – 4. Using the resulting 
expression, given that now B(z) /  B(T(z)), the heat balance 
equation for an area of 1 cm2 can be represented as follows:

∆T(z)rd(Cp0 + Cp1∆T(z)) = A0exp{–[an0 + an1 ∆T(z)]z}, 

  ´ {an0 + an1[∆T(z) + zd∆T(z)/dz]},  (5)

where r is the density and d is the layer thickness.
This equation, in turn, is a differential equation for d∆T/dz 

containing  a  small  parameter  an1  at  the  derivative,  i.e.  it 
belongs  to  the  class  of  singularly  perturbed  equations,  the 
development of regular methods for solving which is associ-
ated with known difficulties. However, for the case of small 
temperature gradients within a single layer (i.e. at (dT/dz)z < 
T  ), which  corresponds  to negligible absorption, differential 
equation (5) becomes functional:

∆T(z) rd(Cp0 + Cp1T(z)) 

  = A0exp{– [an0 + an1∆T(z)]z}[an0 + an1∆T(z)].  (6)

After presenting the temperature distribution as
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equation (6) can be solved using the method of undetermined 
coefficients. In particular, restricting ourselves to the first two 
terms of the expansion with respect to the distribution con-
stants T0 and T1 , we arrive at a system of equations
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which relates these constants with the input flow intensity A0 
and material parameters, from which the maximum tempera-
ture Tmax in the interval [0, d ] can be derived.

The basic structure of a real sensor must contain at least 
four optically different layers: an active AlN layer (thickness 
~10 mm, aAlN » 10 –2 – 10 –1 cm–1 [22]), two conductive elec-
trodes (GaN layers having a thickness of 2 – 50 mm, specific 
conductivity  s >  1.0 W–1 cm–1,  and  absorption  coefficient 
aGaN = 1 – 5 cm–1), and also a substrate that determines the 
possibility and character of epitaxial growth.

Due to the rather strict limitations imposed on the crystal-
lographic parameters of the substrate material during the GaN 
epitaxial growth, as well as guided by commercial availability, 
it is currently possible to use sapphire or SiC substrates; how-
ever, the need for high transparency of the substrate unambigu-
ously implies the use of  (Al O Al O2 3 2 3a ~ 10 – 2 cm – 1) [23].

Leucosapphire  and  aluminium  nitride  in  the  form  of 
monoplates  allow  a  very  intense  laser  action  and,  possess, 
according  to  experimental  data,  a  high  damage  threshold 
(200 – 400  GW  cm – 2  for  a  pulse  of  10  ns  duration  at  l = 
1.06  mm [24]), which is two orders of magnitude higher than 
the peak intensity value of the pulses considered in this work. 
However,  multilayer  heterostructures  are  characterised  by 
uneven  heat  release:  pulse  heating  of  less  transparent GaN 
layers  can  lead  to  a  rapid  increase  in  their  temperature  by 
hundreds of degrees; in this case, the heating of the AlN layer 
at  the  pulse  end  is  about  an  order  of magnitude  less. As  a 
result, the development of internal (mainly tangential) stresses 
is possible,  caused not only by  large  temperature gradients, 
but also by the difference in thermal expansion coefficients of 
materials of adjacent layers ( Al O2 3d  = 7.2 ´ 10 – 6 K–1, dGaN = 
5.7 ´ 10 – 6 K–1, dAlN = 4.03 ´ 10–6 K–1). These stresses can 
reach a noticeable value near the interface planes and, given 
the elevated temperature, provoke the generation and accu-
mulation of dislocations.

Although the equilibrium (technological) temperature of 
the  structure  formation  is  approximately  1050 – 1100 °C, 
and  its  subsequent  cooling  to T =  20 °C  results  in  elastic 
stresses, this does not lead to the development of destructive 
processes at  these  layer  thicknesses. Nevertheless,  in order 
to  smooth  out  the  light  dynamic  shocks  and  reduce  their 
negative impact on the pyroelectric coefficient stability, it is 
reasonable to consider and analyse possible ways to reduce 
such stresses, determined mainly by the heat release in gal-
lium nitride.

In  this  regard,  and  with  allowance  for  the  presence  of 
some technological freedom with respect to the thickness of 
epitaxial layers and the level of GaN doping, it is desirable to 
have at  least an assessment of  the optimal  configuration of 
the structure in terms of minimising the maximum tempera-
ture and its gradient at the AlN layer boundaries under the 
condition of invariance of the pulse energy.

Due to the layered structure of the sensor, the distribution 
p(z) of absorbed energy density can be conveniently described 
by a set of parameters pj – densities of energy absorbed within 
the jth layer. In the case illumination comes from the side of 
the  Al2O3  substrate,  a  model  that  accounts  for  reflections 
from the boundaries and neglects higher-order reflexes along 
with  the  effects  of  multipath  interference  leads  in  a  linear 
approximation to an expression describing the superposition 
of absorption of forward and reflected waves:

expP z A R z1j i j i ja a= - -^ ^ ^h h h 

  expA R d zi i j j1 1 a+ -+ + ^^ hh, zi ≤ z < zi+1.  (9)

Here j is the layer number; i is the boundary number (includ-
ing the boundaries with the air environment); the coordinates 
zi are determined through the thickness dj of the jth layer as 
zi +1 = zi + dj (in our case, the four-layer system j = 1 – 4 and 
i = 1 – 4); Aj  is  the  input  light flux; and Rj  is  the reflection 
coefficient,  which  is  calculated  from  the  Fresnel  equations 
and, in the case of normal incidence, takes the form

Ri = (nj+1 – nj)/(nj+1 + nj).

In this situation,  the values of optical parameters of  the 
layers are distributed as follows:

, , ,Al O GaN AlN GaNj 1 22 3da a a a a" ,, 

, , , ,1n n n n nAl O GaN AlN GaNj 1 22 3d " ,

(values of refraction coefficients are as follows: nAl O2 3 = 1.77, 
n GaN 1 = n GaN 2 = 2.40, nAlN = 2.30; for an air environment, 
nair = 1; in addition, a = 0).

For normalisation constants,  the calculation of which  is 
necessary to ensure the light flux continuity, in the approxi-
mation of the reflections of small multiplicity, the following 
recurrence relation can be obtained:

expA A zi i j j i1 1 1a a= - -+ + +^ h6 @ 

  expR A d zi i j j j i1 1 1a a+ - -+ + +^ ^h h6 @.  (10)

Next,  applying  a  procedure  similar  to  that  used  in  the 
derivation of Eqns (7) and (8), we can obtain temperature dis-
tributions T(z) and distributions of the absolute value of gra-
dients |gradT(z)|, from which, in turn, we find values of both 
local (within a single layer) maxima of Tmax  j and |gradT |max  j, 
and also global maxima of Tmax and |gradT |max.

Since  , ,min max1 2GaN GaN Al O AlN2 32a a a a^ ^h h,  the  nature 
of the greatest heat release is determined mainly by the prop-
erties of the GaN layers. In the simplest case, when the rela-
tions between  the parameters  (thicknesses d  and concentra-
tions Nd ) of both layers are intentionally not taken into con-
sideration,  the  dependence  of  the  temperature  Tmax  on  the 
average doping level of Nd GaN [here Nd GaN = (Nd GaN1Nd GaN2 )1/2] 
for various values of A0 of the input flux is shown in Fig. 1. 
The superlinear character of these curves, which dominates at 
modest temperatures and is obviously stipulated by a decrease 
in the mobility of electrons, is gradually replaced by a depen-
dence being more close to linear. It is assumed that this is due 
to  the  influence of  the  compensating  effect  of  temperature-
dependent heat  capacity. A  typical view of  the  temperature 
distribution is shown in the inset to this Figure.
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Since epitaxial technologies make it relatively easy to con-
trol not only the thickness of the GaN layers, but also (within 
the above  limits)  the  level of  their doping,  it  is advisable  to 
consider  the  possibility  of  finer  tuning  of  the  distribution 
shape in order to decrease the Tmax value at the same intensity 
value A0 of the output light flux.

Although this optimisation is limited to varying the prop-
erties of only GaN electrodes, the total number of parameters 
that can be  independently changed (namely, dGaN1, Nd GaN1, 
dGaN 2 and Nd GaN 2 ) cannot be considered small. At the same 
time, it is obvious that a reasonable reduction in their number 
is possible as a result of the allocation of the most significant 
directions in the corresponding 4D space, which requires the 
introduction  of  a  new  system  of  parameters.  In  particular, 
while the effective Nd GaN  concentration makes it possible to 
estimate only  the averaged energy absorption,  the variation 
of the coefficient KN = Nd GaN1/Nd GaN 2 under the condition of 
Nd GaN  invariance  allows  for  a more  detailed  study  of  tem-
perature distributions. In addition, guided by considerations 
of ensuring a reasonable duration of the technological process 
for any allowable  configuration of  layers,  it  is  expedient  to 
impose the invariance condition on the total thickness dGaN = 
dGaN1  +  dGaN2,  which  allows  us  to  effectively  describe  the 
geometry  change  of  the  structure  by  means  of  parameter 
Kd = d GaN 2/d GaN1.

Based  on  the  above  reasoning, we  constructed  an  algo-
rithm in MATLAB to calculate  the corresponding distribu-
tions along the beam of absorbed energy density (temperature 
distributions) and their gradients. The dependences shown in 
Fig. 2, obtained for the energy density of the input flux A0

 ~ 
15  J  cm– 2  and  the  average  doping  level  Nd GaN  =  9.73  ´ 
1017 cm–3 (which limits Tmax to 500 – 600 °C) demonstrate the 
presence of sharp minima. Curves reflecting the behaviour of 
Tmax and the moduli of the gradient |gradT |max at the points 
of its minimum with respect to KN when varying K d at d GaN = 
44 mm and A0 ~ 15 J cm– 2 (Fig. 3) have, on the contrary, a 
monotonic character.

Further  evolution of  the  thermal  field  corresponding  to 
the microsecond and millisecond ranges consists in tempera-
ture redistribution and gradual heating of the active pyroelec-
tric AlN layer. As a result, this heating leads to the appear-

ance of an electric signal on the GaN electrodes. The dynam-
ics of this response in a rather sophisticated way (through a 
time-dependent  pyroelectric  coefficient)  is  associated  with 
changes in temperature and absorbed energy, since it depends, 
among other things, on the thermophysical parameters of a 
particular  structure,  and  is  the  subject  of  an  independent 
research area  [10, 16]. However,  if we are only  interested  in 
the relative values of the pyroelectric coefficient (the case of 
transverse homogeneity of the beam), the issue of their rela-
tionship with  the geometry and heat  transfer characteristics 
of a particular sensor structure ceases to be relevant.

Since  the  pyroelectric  response  values  in  AlN  layers, 
recorded earlier for pulses (microvolt range) with an energy of 
~0.1 J, when illuminating the area S = 0.2 cm2 at 100 % light 
absorption,  provided  an  accuracy  of  temperature measure-
ment of no lower than 0.1 K [13, 16], it can be assumed that 
similar values of the signal level for fluxes with a density of 
10 – 15 J cm– 2 can be  implemented  in sensors with a signifi-
cantly smaller active element area. It should be noted that the 
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possibility of using transparent materials (in particular, SiO2 ) 
for similar purposes has been discussed earlier [25]. However, 
since  microlithography  is  an  organic  and  well-grounded 
method for the proposed semiconductor structures, arrays of 
multi-element pyrometric sensors can be developed and man-
ufactured on their basis, the length of which in a single-chip 
design  is  limited mainly by  the  substrate  sizes and can cur-
rently reach 50 – 60 mm.

4. Conclusions

Based on the foregoing, we can conclude that transparent or 
partially  transparent  epitaxial  GaN/AlN/GaN  structures 
obtained  on  transparent  sapphire  substrates  by  the  HVPE 
method, which provides the possibility of deposition of layers 
over a wide range of thicknesses, can be used for post-epitax-
ial formation of mono- or multielement pyroelectric sensors 
for recording the energy density of  fluxes, as well as energy 
distribution over the beam cross section, up to integral values 
of 15 J cm– 2 and higher. An additional reason for the expedi-
ency of using  these materials  is  their  exceptional heat  resis-
tance and thermal stability. However, unlike traditional pyro-
electric sensors, the characteristic feature of which is the com-
plete  absence  of  spectral  dependence,  the  sensor  structures 
considered are spectrally dependent, which should be  taken 
into account when developing sensor elements.
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