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Abstract.  By using the methods of transient gratings (TGs) and 
induced absorption, we have studied the kinetics of plasma of 
free charge carriers (FCCs) created by the action of a picosecond 
laser pulse in two high-purity diamond single crystals synthesised 
from the gas phase. The gratings with different spatial periods 
have been excited at the wavelengths of 266 or 213 nm (above and 
below the fundamental absorption edge in diamond) and probed 
with continuous-wave radiation in the visible region. At the moder-
ate FCC concentrations (~7 ́  1017 cm–3), the coefficient of ambi-
polar diffusion and the carrier recombination time of two crystals 
are 20.3 and 18.9 cm2 s–1 and 30 and 190 ns, respectively. The 
increase in the carrier concentration up to 5 ́  1019 cm–3 reduces 
the TG lifetime. We have determined the conditions under which 
the relaxation of the grating of carriers leads to the formation of a 
thermal grating, with the amplitude sufficient for its experimental 
observation.

Keywords: CVD diamond, transient gratings, ambipolar diffusion, 
charge carriers, carrier lifetime.

1. Introduction

One of  the ways  to  control  the  electrical  parameters  of  the 
materials in semiconductor electronics is the use of all-optical 
(laser) methods with a high temporal and spatial resolution 
[1 – 3]. Their peculiarity lies in the possibility of studying the 
electronic response of a sample to electromagnetic radiation 
of  a  relevant  spectral  range  by  the  change  in  the  optical 
parameters of material, conditioned by the generation of free 
charge  carriers  (FCCs). A prominent  place  here  belongs  to 
the method of transient gratings (TGs), in which the power of 
the exciting beam is periodically modulated in the volume or 
on  the  surface of  the  sample,  and  the  signal  is  formed as a 
result of diffraction of the probe beam on the arising ampli-
tude-phase grating.

The  TG method  has  been  successfully  used  to  study  a 
number of semiconductors, such as GaAs : Cr, CdTe, Si [4, 5]. 
From the kinetics of diffraction of the probe beam one can 
determine directly  two fundamental plasma parameters:  the 
coefficient of ambipolar diffusion D and the FCC recombina-
tion time t. According to the Einstein relation, in the case of 
thermal  equilibrium  and  low  external  field  intensity,  there 
exists  a  simple  analytical  relationship  [6]  D  =  mkTabs q–1 
between the diffusion coefficient and the carrier mobility m, 
where k is the Boltzmann constant; Tabs is the absolute tem-
perature; and q is the electron charge. At room temperature, 
D » 0.025m [7]. Unlike the electric methods of semiconductor 
research, the FCC motion after their generation occurs in the 
TG method  not  under  the  electric  field  influence,  but  as  a 
result of the formed concentration gradient directed along the 
vector of the induced grating. Most often, this vector is ori-
ented along the sample surface.

In  recent  years,  the  TG  method  has  been  successfully 
applied to the investigation of diamonds [8, 9], which is stipu-
lated by the increasing interest  in the use of this material  in 
electronics, as well as the rapid development of the synthesis 
technology  of  diamonds  from  the  gas  phase  by  the  CVD 
method. In the course of optical studies on the FCC dynamics 
in diamond, it was found that the results of measurements of 
the mobility and carrier lifetime are markedly different from 
those obtained by the conventional photoelectric method. In 
particular,  according  to  the  results  of  [7],  the  coefficient  of 
ambipolar  diffusion  and  the  FCC  lifetime  in  single-crystal 
CVD diamond with the concentration of nitrogen defects less 
than 1017 cm–3, measured by the TG method at the FCC con-
centrations N » 2 ́  1018 cm–3, constituted 12 cm2 s–1 and 3.3 ns, 
respectively.  The  same  parameters  measured  by  the  time-
of-flight method in the same sample at small (N » 1013 cm–3) 
carrier concentrations turned out significantly higher: 57 cm2 s–1 
or more than 10 ns.

Various physical processes may affect  the charge carrier 
lifetime registered by the TG method [7]. Some of them are 
associated with the relatively high density of the FCCs, which 
is realised in the TG method. The present work is dedicated 
to the study of this concentration factor as applied to single 
crystal CVD diamond with a low content of nitrogen impurity. 
The investigations have been carried out in case of two-photon 
FCC excitation at a wavelength of 266 nm, which belongs to 
the transparency area of diamond (the edge of fundamental 
absorption  is 225 nm). The  idea of  such measurements was 
formulated by in [10] and tested for IIa-type synthetic diamond 
crystals grown in a high-pressure apparatus [11]. The advan-
tages of two-photon excitation are that, firstly, the FCC gen-
eration occurs in the sample bulk rather than in the near-sur-
face layer as in the case of single-photon interband excitation, 
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and secondly, the FCC volume concentration decreases, whilst 
maintaining the diffraction efficiency of the electronic TGs at 
the level sufficient for the measurements.

The kinetics of the FCCs plasma absorption induced by 
two-photon  pumping  was  additionally  investigated. 
Furthermore, the TG excitation at a wavelength 213 nm was 
realised, which significantly increases the initial concentration 
of the charge carriers.

2. Description of samples and the optical scheme 
of the setup

We have studied two samples of monocrystalline diamond in 
the  form  of  plane-parallel  plates  synthesised  by  deposition 
from the gas phase. The sample, hereinafter referred to as E6 
(Element  Six, UK),  of  high  purity  (the  nitrogen  content  of 
no more  than 5 ppb),  had  the dimensions of  4 ́  4 ́  0.5 mm 
with  the  surface  roughness Ra <  5 nm. The  second  sample 
(No. 64/21) measuring 6 ́  5 ́  0.5 mm was epitaxially grown at 
the  GPI  RAS  on  a  monocrystalline  diamond  substrate  in 
microwave discharge (2.45 GHz) in the ARDIS-100 plasmo-
chemical reactor (Optosystems Ltd) in a mixture of 4 % CH4 – 
96 % H2 [12]. The process was carried out under the following 
parameters:  microwave  power  of  2600 W,  pressure  of  130 
Torr, total gas flow rate of 500 sccm, substrate temperature of 
900 °C,  growth  rate of  9 mm h–1. The  synthesised  layer was 
separated from the substrate by laser cutting and polished on 
both sides to the roughness Ra < 10 nm.

Figure 1 shows the transmittance spectra of both samples, 
obtained by  the Cary 500  spectrometer  (Varian)  in  the UV 
and visible  regions, and  the absorption spectra obtained by 
the Nexus Fourier  spectrometer  (Therm Nicolet)  in  the  IR 

region. These spectra are virtually identical. The abrupt drop 
in transmittance at the wavelength of 225 nm corresponds to 
the  fundamental  absorption  edge. The  absorption bands  in 
the IR region between 1600 and 3800 cm–1 correspond to the 
two-  and  three-phonon  absorption  and  are  not  associated 
with defects. In the range of 230 – 300 nm and 7 – 10 mm, the 
absorption being characteristic of nitrogen defects [13, 14] has 
not been registered, which indicates a low (less than 1016 cm–3) 
content of the nitrogen impurity in these crystals.

Optical scheme of the setup to implement the method of 
transient gratings is shown in Fig. 2. The diffraction beam 
splitter ( 1 ) splits the source light beam from a pump pulsed 
laser into two identical beams, which, with the use of a two-
lens quartz telescope ( 2 ), create in the sample plane a high-
quality interference pattern of the predetermined period L 
in  the  range  of  25 – 75 mm,  having  the  100 % modulation 
depth.  Interband  excitation  of  the  sample  ( 3 )  leads  to  the 
spatially-periodic  variation  in  the  optical  properties  of  the 
material due to both the formation of the FCC plasma and 
the heat release caused by FCC nonradiative recombination. 
To study the relaxation process of the induced grating, a cw 
laser ( l = 473 nm) is used, the beam of which experiences dif-
fraction  on  the  transmission-type  transient  grating.  The 
intensity of the first-order diffraction is recorded by the pho-
todetector ( 4 ) in time domain.

To excite the FCCs in the samples at the wavelengths of 
213 and 266 nm, a 60-ps laser pulse from the actively mode-
locked Nd : YAG laser was used. The probe beam transmitted 
through  the sample  (in  the  study of  induced absorption) or 
the beam of the first-order diffraction (the TG method) were 
detected  with  the  use  of  the Hamamatsu H6780-20  photo-
multiplier tube (PMT). To exclude parasitic overload of the 
PMT, the probe laser radiation was synchronously modulated 
in amplitude using an acoustooptic modulator (not shown in 
Fig. 2). Signal accumulation and processing were conducted 
with the Tektronix TDA-3032B digital oscilloscope (300 MHz 
bandwidth). The pulse response function width for the record-
ing system was 3.4 ns (FWHM). 

For  reliable  detection  and  processing  of  the  diffraction 
signal by the photo-recording apparatus  in use, the TG dif-
fraction efficiency h should be no less than 10–5. This value, 
according to the known formula h = (pdDn/l)2 [15], where d 
is thickness and Dn is the induced refractive index amplitude, 
is  achieved  at  the  photo-induced  changes Dn »  10–4  in  the 
refractive index of the sample. This estimate has been made 
for the case of probing of the sample at a wavelength in the 
visible range and effective thickness of the grating defined by 
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Figure 1. (a) Transmittance spectrum in the UV and visible regions, and (b) 
absorp tion spectrum in the IR region for the samples E6 and No. 64/21.

Pumping

1

2

3
4

Probe

Figure 2. Experimental scheme for studying photoinduced diffraction: 
( 1 ) diffractive beam splitter; ( 2 ) telescope; ( 3 ) sample; ( 4 ) photodetector.
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the absorption coefficient a at the wavelength of 213 nm, d = 
1/a213 » 10–3 cm [16].

According to the Drude – Lorenz model, the photo-induced 
change Dnfc in the refractive index, caused by the FCC genera-
tion, is negative and defined by the relation

Dnfc = nehN = 
nm
Ne

2 eh
2
0

2

w e
- ,  (1)

where neh is the refractive index change due to the generation 
of one electron – hole pair; e is the electron charge; n = 2.4 is 
the  refractive  index of diamond at  the wavelength of probe 
radiation; meh is the effective mass of the electron – hole pair; 
w  is the frequency of probe radiation; and e0  is the vacuum 
permittivity. Using the data [11, 17], we obtain for diamond 
neh » 3 ́  10–22 cm3. Therefore, to form a signal with the ampli-
tude sufficient for registration, one has to ensure N > 0.3 ́  1018 
cm–3. With the photon energy of 10–18 J (5.8 eV) at the wave-
length of 213 nm, this FCC concentration is achieved at the 
volumetric density of the absorbed energy of pumping no less 
than 0.3 J cm–3.

3. Investigation of the diffraction kinetics 

The initial transmittance T of the samples under conditions of 
low fluence Es at a wavelength of 266 nm on the surface was 
approximately 60% (Fig. 1a). Since the absorption coefficient 
at 266 nm is negligible, the optical  losses  in the samples are 
due  to  internal  scattering  and  Fresnel  reflection  from  two 
faces of the plates for n = 2.6 at that wavelength [18]. It was 
established experimentally that the increase in the excitation 
energy Es to 50 mJ cm–2 results in the decrease in the sample 
transmittance by  40 %. From  the known  transmittance  and 
Fresnel reflection losses (36 %), it is easy to find the fraction of 
absorbed energy x and the effective absorption coefficient a, 
which  under  these  conditions  and  at  the  sample  thickness 
h = 0.05 cm constitute 30 % and 7 cm–1, respectively. In accor-
dance with the known values of the coefficient of two-photon 
absorption for diamond (1–2) ́  10–9 cm W–1 at the wavelength 
of 266 nm [19, 20] and taking into account the incident radia-
tion  intensity ~1 ́  109 W cm–2  in our  experiment,  the  calcu-
lated absorption coefficient amounts to 1.2 cm–1. The differ-
ence  between  the  calculated  and  experimental  values  can  be 
explained by insufficient accuracy of the energy measurement 
and  additional  contribution  of  the  inverse  bremsstrahlung 
absorption,  leading  to  some  heating  of  the  plasma.  In  our 
case, the measurements of the FCC parameters were carried 
out on  the nanosecond  time  scale, when  the plasma can be 
considered already cold, since the time of  its cooling due to 
electron – phonon interaction amounts to picoseconds.

The absorption coefficient of 7 cm–1 provides a sufficient 
for measurement and, at the same time, soft bulk excitation of 
the samples with approximately uniform in-depth FCC con-
centration. The use of  this  regime of  excitation of  the bulk 
phase gratings contributes to reducing the error in quantita-
tive evaluation of dynamic parameters of the FCC plasma. At 
Es = 50 mJ cm–2,  the averaged volume density of  the energy 
absorbed in the sample is Еv = xEs /h = 0.3 J cm–3, whilst the 
estimated amplitude of the change in the diamond refractive 
index, caused by generation of the carriers, is of the order of 
10–5.

The kinetics of changes  in  the amplitude of  the  induced 
refractive index, registered during the first 50 – 100 ns after the 
excitation  pulse  and  caused  by  formation  and  subsequent 

decay of the FCC grating, is presented for two samples in Fig. 
3. As is shown below, the positive contribution of the thermal 
grating to the total change in the refractive index is insignifi-
cant. In both samples the decay law of Dn is close to exponen-
tial, with the constants tg equal to 56 and 24 ns for the samples 
E6 and No. 64/21, respectively. It was established experimen-
tally that the TG lifetime depends linearly on the square of its 
period, which indicates the presence of the diffusion contribu-
tion to the relaxation of the Dn value. With the use of all the 
kinetics recorded at different periods L, two linear approxima-
tions of tg–1(L–2) were plotted (Fig. 4), in accordance with the 
relation [11]

tg–1 = tr–1 + td–1,  (2)

where tr is the FCC recombination time, and

td = L2(4p2D)–1  (3)

is the FCC diffusion time.
As  follows  from  the  slope  of  the  graph  in  Fig.4,  both 

samples have similar D values (20.3 and 18.9 cm2 s–1 for the 
samples No. 64/21 and E6, respectively). Almost the same dif-
fusion coefficient  (19 cm2 s–1) was obtained earlier  in paper 
[21]  for polycrystalline CVD diamond at room temperature 
and similar experimental conditions. The linear dependences 
in  Fig.  4  intersect  the  ordinate  axis  (L ® ¥)  at  the  points 
1/tg = 0.033 and 0.0053 ns–1, which implies that the lifetime 
tr of  the charge carriers  in  the  samples No. 64/21 and E6  is 
equal to 30 и 190 ns, respectively. 

The kinetics of the same processes, as in Fig. 3, is repre-
sented on the sub-microsecond linear scale in Fig. 5. The signal 
Dn(t)  has  two  components  located  on  the  opposite  sides  of 
the horizontal line of homodyne (Fig. 5a). The negative signal 
(Dn < 0) with a large amplitude is formed by the FCC grating 
during the time up to 100 ns, whilst the weakly positive (Dn > 0) 
signal with a maximum at the time moment t » 180 ns and the 
duration tth » 160 ns has a thermal nature and is conditioned 
by the nonradiative recombination of the charge carriers. The 
bipolarity  of  the  electronic  and  thermal  components  of  the 
signal is due to the fact that the photoinduced electronic and 
thermal indices of refraction in diamond have opposite signs 
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Figure 3. Kinetics of  the normalised amplitude of the  induced refrac-
tive index Dn for samples E6 and No. 64/21 presented in the semiloga-
rithmic scale and approximated by the method of least squares for ex-
ponential damping. The grating period is L = 75 mm, the FCC initial 
concentration is N » 7 ́  1017 cm–3, and Es = 50 mJ cm–2.
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[22]. The  relative  amplitude of  the  thermal  grating  is much 
less than that we have observed previously in polycrystalline 
CVD  diamond,  where  the  thermal  and  electron  diffraction 
components were comparable in efficiency [22]. The thermal 
grating  in  sample  E6  is  inefficient  and  does  not  stand  out 
against the background noise (Fig. 5b).

The observed amplitude peculiarities of the thermal grat-
ing in the samples we have investigated are due to the fact that 

its diffraction efficiency depends on the ratio of the lifetimes 
of electronic and thermal components. In the general case, the 
main sources of the heat release in the diamond volume are 
the nonradiative recombination of the charge carriers and the 
inverse  bremsstrahlung  absorption  by  the  free  carriers  of  a 
fraction of the pump energy with subsequent transfer of the 
heat to the phonon subsystem. We believe that the dominant 
source of the heat was recombination, since had the contribu-
tion of the inverse bremsstrahlung been significant, it would 
have led to a rapid formation of the effective thermal grating 
regardless  of  the  FCC  recombination  rate,  which  was  not 
observed in our experiment.

The thermal grating can be formed if the recombination 
time tr is less than the diffusion relaxation time td of the FCC 
grating and the lifetime tth of the thermal grating. Implementa-
tion of these conditions can be enhanced by increasing the TG 
period. In the limiting case, when tr << td and tr << tth, all the 
heat  released  is  fully  spent on  the  formation of  the  thermal 
component of diffraction [22]. The thermal grating amplitude 
is small at cw pumping of the semiconductor, since it is only 
determined by the amount of the heat energy released during 
its relaxation [23].

For sample No. 64/21, which has tr = 30 ns, td = 70 ns, tth 
= 150 ns, the condition of thermal grating formation, albeit 
with a not large efficiency, is fulfilled. On the contrary, for a 
more perfect sample E6 we have tr > tD, so that the thermal 
grating is virtually not observed.

For the purpose of comparison with the results presented 
above,  similar  studies  have  been  performed with  excitation 
of the samples at the wavelength of 213 nm. In this case, the 
average volumetric density of the absorbed energy increased 
(as a result of its concentration in a thin layer with a thickness 
of about 3 mm) up to about 50 J cm–3, and, consequently, the 
FCC concentration increased up to 5 ́  1019 cm–3. At the TG 
period L = 50 mm,  the nonexponential decay kinetics Dn(t) 
with local constants of relaxation increasing from the initial 
to final part of the kinetics were registered. Within the initial 
time interval from 0 to 40 ns, the curves can be satisfactorily 
approximated by an exponential law with the relaxation time 
of 10 and 15 ns  for samples No. 64/21 and E6, respectively. 
For comparison, in the case of excitation of the samples hav-
ing the same grating period at the wavelength of 266 nm, the 
damping time increased up to 15 and 30 ns (see Fig.  4);  the 
relaxation time data are given in Table 1.

Note  that  in  paper  [24],  under  the  conditions  of  femto-
second  excitation  and  higher  concentration  of  free  charge 
carriers (~3 ́  1020 cm–3), the refractive index change Dn = –0.04 
was achieved in a sample of monocrystalline diamond, whilst 
the measured recombination time was 20 ps. The difference in 
recombination time is too large to be explained by different 
concentrations of free carriers. We assume that the main fac-
tors affecting the FCC recombination time are not so much 
the excitation conditions and carrier concentration, but, more 
likely, the peculiarities of internal structure of particular sam-
ples. As is known, the FCC recombination time in diamonds 

Table 1. 

Sample D/cm2 s–1 tr /ns td /ns tth /ns

No. 64/21 20.3 30 70 ~150

Е6 18.9 190 65 —

Note:  the pump wavelength is 266 nm, the absorbed energy density is 
Еv = 0.45 J cm–3.
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Figure 4. Dependence of the inverse lifetime tg–1 of the electronic grat-
ing on the inverse square of its period L–2 at the excitation wavelength 
of 266 nm for samples No. 64/21 and E6. The graph shows the grating pe-
riods in mm; Ev = 0.45 J cm–3.
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Figure 5. Kinetics of  the amplitude of  the  induced refractive  index  for 
samples (a) No. 64/21 and (b) E6 in linear scale. On the graph for sample 
No. 64/21, along with a large signal down from the electronic grating, a 
thermal component with the lifetime of about 150 ns is visible (its damping is 
approximated by an exponent). The volume density of the absorbed energy 
Ev = 0.45 J cm–3, the pump wavelength is 266 nm, and L = 75 mm.
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with a different structure and content of defects can vary by 
several orders of magnitude [25 – 27]. In particular, the FCC 
lifetime achieves the value of 1 ms for ultra-pure single-crys-
tals of CVD diamond with the content of nitrogen impurity 
less than 1015 cm–3 and a low dislocation density [27].

4. Kinetics of induced absorption

When the grating period is L ® ¥ (spatially uniform excita-
tion), the electronic component lifetime is only determined by 
the FCC recombination time, since the diffusion component 
is missing. In such an embodiment of  the sample excitation 
one can put that, provided the FCC concentration is rather 
small,  the  logarithm  of  the  relative  transmittance T0 /T(t) 
depends on time exponentially [28]:

ln(T0 /T(t)) » exp(–t/tr).  (4)

Kinetics  of  the  transmittance  change  in  sample  E6  for  the 
pump energy density of 50 and 70 mJ cm–2 in the uniformly 
irradiated spot is presented in Fig. 6. The dependence of tr on 
the FCC concentration leads to the fact that the signal relax-
ation obeys a nonexponential law, with a gradual slowdown 
in the recombination rate. This is the reason why the values of 
tr were determined on the initial [from 0 to 200 ns (tr1)] and 
the final [from 600 to 800 ns (tr2)] segments of kinetics, where 
the noise level is still acceptable for the measurement.

Some discrepancy in tr for two experiments with sample 
E6, performed at the same excitation energy (250 ns without 
the grating vs. 190 ns under the condition of grating excitation) 
is conditioned by the fact that, at the close pump-spot-aver-
aged energy values for both cases, the local energy density at 
the  maxima  of  the  spatially  periodic  pumping  in  the  TG 
method  is  twice  higher  compared  to  its  average  value. The 
nonlinear dependence of tr on  the  local FCC concentration 
deforms initially the sinusoidal shape of the grating lines and 
reduces  the  recombination  time. This  is  consistent with our 
measurements  of  tr1,  performed  with  increasing  excitation 
energy density up to 70 mJ cm–2 (see Fig. 6). For samples E6 
and No. 64/21, we have obtained tr = 140 and 40 ns, respec-

tively, which is close to the values found in the experiments on 
diffraction with Ev = 0.45 J cm–3.

5. Conclusions

By means of  the methods of  transient gratings and  induced 
absorption,  the  kinetics  of  the  FCC  plasma  generated  by 
picosecond laser pulses in two samples of high-quality single 
crystals  of CVD diamond  at  the  concentration  of  nitrogen 
defects less than 1016 cm–3 has been investigated.

It is shown that, when pumped at the wavelength of 266 nm 
with  initial  (maximum)  FCC  concentration  no  more  than 
7 ́  1017 cm–3, samples No. 64/21 and E6 have similar diffusion 
coefficients (20.3 and 18.9 cm2 s–1), but significantly differ in 
the FCC recombination time (30 and 190 ns). In both crystals, 
the  increase  in  the  FCC  concentration  up  to  5 ́  1019  cm–3, 
when  the  FCCs  are  excited  in  the  fundamental  absorption 
band with the wavelength of 213 nm, results in a reduction of 
the FCC grating lifetime. The characteristic times of 140 – 250 
ns of  the  induced absorption existence are generally consis-
tent with those obtained by the TG method.

Unlike previously studied diamonds containing the defects 
or having the polycrystalline structure, the heat release resulted 
from  the FCC  recombination  in  diamonds  of more  perfect 
structure  and  low  content  of  defects  is  not  adiabatic.  The 
comparatively  long recombination leads to the fact that the 
processes  of  electronic  and  thermal  diffusion  substantially 
reduce the efficiency of the thermal grating down to its disap-
pearance.
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