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We study the formation and decay of electron-hole droplets in diamond at low and high temperatures under
different excitations by master equations. The calculation reveals that at low temperature the kinetics of the
system is similar to that of a direct semiconductor, whereas at high temperature it is metastable and similar to
an indirect semiconductor. Our results at low temperature are consistent with the experimental findings re-
ported by Nagaét al.[Phys. Rev. B68, 081202R) (2003]. The kinetics of the e-h system in diamonds at high
temperature under both low and high excitations is also predicted.
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Photoexcited electron-hol@-h) systems in semiconduc- tant first to evaluate the kinetics of the liquid-gas transition
tors provide a unique opportunity to understand quantunin the photoexcited indirect semiconductors in the low tem-
many-body phenomena with Coulomb interactions. In theperature region. Nevertheless it is not very realistic for con-
dilute density region, an electron and a hole are combined teentional indirect semiconductors because of their narrow-
form a neutral bound state—an exciton. At low temperatureness in energy scale.

a dense exciton gas condenses into a liquid phase with a Diamond is a wide band gap indirect semiconductor with
metallic character in the form of e-h dropldiEHDs). This  a band structure similar to those of Ge and Si, and is a good
macroscopic metallic phase has been extensively investcandidate to study carrier dynamics. Moreover, because of
gated in the past three decades in indirect semiconductothe small dielectric constant of diamond the screening of the
such as Ge and $iThe transition between EHD and exciton Coulomb interaction between carriers is small. Thus one can
gas is considered analogous to a classical liquid transition itreat e-h system in diamond in wide energy scale. Recently
water, and the EHD formation is well understood with aShimanoet al. evaluated the character of EHD in diamond
classical nucleation theofyHowever, the formation and de- by time-resolved luminescence measurements and reported a
cay of EHD in photoexcited semiconductors are not onlyhigher critical temperature, larger work function, larger den-
determined by the collection and evaporation of excitons orsity, and shorter lifetime for EHD in diamond compared to
the surface of EHD but also by carrier recombination. InGe and SP. Consistent values are also obtained from an
direct semiconductors in particular, a fast recombination proanalysis of the Iuminescence spectra under quasi-cw
cess overcomes the thermal kinetics of carriers. Thereforexcitation®’” The dynamics of the EHD formation at 12 K
e-h pairs annihilate before a small e-h ensemble grows tander a different excitation density has also been studied by
become a macroscopic-size EHD. Consequently, the phaséagaiet al®° It was observed that after photoexcited carriers
transition is shown to be of second order. are cooled rapidly into a supersaturated exciton gas within

This competition between thermal kinetics and recombi-several tens of picosecond, spatial condensation of dense ex-
nation of carriers is also apparent in indirect semiconductors:iton gas into EHD occurs within a few hundred picosec-
In traditional indirect semiconductors such as Ge and Si, at ands. In this report we investigate theoretically the kinetics
certain high temperature the evaporation rate is larger thaof EHD formation and decay in diamond. First we use a
the recombination rate, which makes the kinetics of EHDdiscrete master equation theory developed by Haug and
formation similar to that of classical nucleation. In this case Abraham?® to investigate the femtosecond excitation in dia-
EHD formation exhibits a hysteresis effect and the averagenond at a low temperature regime where only small e-h
drop size is large. However when the temperature is sufficlusters are formed. We then use the continuous master equa-
ciently low, the thermal kinetics is suppressed. The dominantion theory developed by SilvErand by Koch and Haugto
recombination effect makes the e-h system behave like thodevestigate the dynamics at high temperature regime where
in direct semiconductors, i.e., no hysteresis effect and a smadihe average drop size is too large to be treated discretely.
average number of pairs per clustANPC). Under this con-  Finally we compare our results with the experimental mea-
dition the exciton-EHD phase transition changes from first tosurements by Nagait al® The division between the low and
second ordet? This density and temperature region, wherehigh temperature regimes in diamond-$60 K where the
the thermodynamical phase diagram is distorted, is attractivhermal evaporation rate equals to the recombination’?ate.
to scientists because the quantum statistics of the quasiparti- For a discrete master equation formalism, if the concen-
cles is dominant, and a hidden collective phase includindration of clusters containing e-h pairs at time is denoted
Bose-Einstein condensation might appear. In order to undeby f(n,t), the master equation describing the evolution of
stand such a rich variety of macroscopic phases, it is imporf(n,t) is
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TABLE |. EHD and exciton parameters for diamond which are used in the calculation.

Symbol Value Unit Ref.
Mean EHD lifetime Ty 1 ns 5
Mean exciton lifetime Ty 100 ns
Work function of EHD ¢ 50 meV 5,7, and 15
Surface energy of EHD oo 1.2 erg/cm 16
o(M)=ao(1-(T/T)?) Tc 165 K 5
Exciton degeneracy y 12
Effective mass of exciton m, 7.92 1031 kg
e-h density of EHD Po 1.0 1¢° cm3 5
J ) . M
2 D =jn-1=n (1) n(t) = J nf(n,t)dn. (6)
1
for n=2, wherej, is the net probability current between the Heren, is calculated approximately by equating loss rate and
clusters withn andn+1 e-h pairs: the gain rate with the recombination loss neglected:
o ~ .
Jn gl"lf(n!t) |n+1f(rI 11t) (2) anc ~ nx(t)bn€/3. (7)

In this equationl,, and g,, are the gain and loss rates of a
cluster withn e-h pairs. The gain rate is obtained from the
assumption that excitons with a density are collected at d
the surface of a cluster, and is approximatedghybnn?® o In.~ (
with b=47Rév,. Ry=(3/4mpy)*"® is the Wigner-Seitz radius

of the EHD andv,=VkT/27m, is the thermal velocity of d X

excitons with an effective mass,. py denotes the EHD den- —X, =N{—Xg— v[—” + X,-1/30(Ng — nx)} , (9)
sity. The loss rate is composed of the sum of the evaporation dt dt Td

rate a, and the recombination rate/ 7,,. I,=an+n/7,. The  with 7, denoting the mean EHD lifetime ang being the
evaporation rate is given by a time-independent Richardsonsaturated exciton densitpe=D, exp(-¢/kT). v=1/3, 2/3,
Dushman  current, an=bDy, exf(=¢+con™)/(kT)In*", 1 473 5/3, and 2. Finally the continuity equation is
whereD, = y(mkT/27%2)%2 is the effective density of state

of exciton, vy, is the degeneracy of the exciton ground state d n d (10)

X
n,=———nN.—Xo + Xy;3b(Ng— n,) + G(t),
and con 13 represents the correction of the binding energy dt * 7 cgr " X (N5 =) + GO

due to surface effect witr denoting the surface energy of in which 7, represents the mean exciton lifetime. The second

the EHD. These equations are solved together with the con- . . : ;
tinuity equation: erm describes the change in EHD density and the third term

is due to free exciton evaporation and collection by EHD.

The equations of moments are given by

d
d_tn°> f(ne.1), (8)

9 - nf(n,t) . . Equations(8)—(10) form a closed set of equations. The ex-
—fAY=60 -2 — =21~ 2 jn (3)  pressions of], andf(n.,t) in Eq. (8) are given in the Ap-
ot n=1 Th n=2 . c
pendix.
with G(t) representing the excitation pulse We first study the kinetics of the e-h system in diamond at
- 12 K by using the discrete master equations, under the ex-
G(t) = Goe 710", (4)  perimental conditions similar to the ones used by Nagai

8 i i i .
with t, standing for the width of laser pulse which is 0.1 ps al.” The material parameters are I'.Sted. in Tablé The re
p ults of our calculation are plotted in Figs. 1-4.

:g:gug:] oeurttt: Ellsnpea:(%ei:tr(.)rLtslsiSng;eclietgtaetdthe coalescence of clus In Fig. 1 we present the kinetics under an excitation with
g 9 ' Gp=6.6x 10 cm™3s™* andt,=0.1 ps which corresponds to

For the case of high temperature wharis too large to be T .
treated discretely wg turn t[()n the equation of mon?éﬂhﬂéhe a~02 mJ_/cn% ex0|tat|9n in the experimertt:” The clus_ter'
{ concentration versus time and the number of e-h pairs in a

vth moment of EHD distribution is defined as .
cluster as well as the concentration of some selected clusters
(" ) versus time are plotted in Figs(dl and 1b), respectively.
(0= n"f(ntdn (®  The figures indicate that the concentration of small clusters
fe rise faster than that of large cluster because the cujfant
in which n; is a critical size where the stationary distribution Eq. (1) flows from small clusters to larger ones. It is also
has a minimum. All clusters smaller tham are counted as seen from the figures that the system reaches quasiequilib-
excitons, while clusters larger than are treated as EHDs. rium at about 120 ps and this quasi-equilibrium lasts about
Under this approximation, the “exciton density” is given by 200 ps.
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FIG. 2. Exciton density, (solid curve and the total density of

10% 1¢ e-h pairs in all clusters larger than excitog (dashed curvefor
Lt diamond afT=12 K under the same excitation as in Fig. 1.
{3 nonequilibrium, similar to an e-h system in direct semicon-
2 ductors.
E A We also show the time evolution of the exciton density
e v and the total density of all e-h pairs condensed in clusters
e I larger than excitonsay==;_,nf(n,t) in Fig. 2. Thus we can
1010 compare the evolution of these densities with that of excitons
and the integrated EHD luminescence intensities. We can see
108 that excitons slowly condense into EHDs amglreaches a
et ol maximum around 150 ps, which corresponds to the 260 ps
101 10° 10* 102 10® 10* 10° 10° experimental data.
t (ps) There are some differences between these densities and

FIG. 1. (a) Cluster concentration versus time and number of e- the Iuminescenge intensities in th(.a. experiment, .First, .the
o ) . ht|mes when exciton and EHD densities reach their maxima
pairs per cluster for diamond &=12 K under Gaussian pulse ex- } : . ..

o . - el _ are about one half those in the experiment. This originates
citation with Gp=6.6X 10?° cm 371, t,=0.1 ps, andy=1.0 ps.(b) . o o .
Concentration of some selected clustealid curvg and ANPC(n) partly from the SImp“fl_ed excitation model we use. In this
(dashed cunjeversus time. moqlel the only excitations ge_ner_ated by the laser pulse are

excitons. In reality, these excitations should be e-h plasma
In the experiment the peak energy of the EHD emissiorand they are always overheated. After the excitation the e-h
band shifts toward the low energy side during first 208 ps, system is cooled down in several tens of picosecdritss
which suggests that large clusters are formed at a longaelaxation process affects the kinetics of exciton. The ab-
time. Meanwhile from the fact that there is little change ofsence of this process results in a shorter formation time in the
the luminescence in the low energy regime, we conclude thatalculation. Second, at the equilibrium stage 90% of the ex-
the rate of the formation of small clusters from excitons andcitation is converted into the EHD phase, while in the experi-
the rate of coalescence to large clusters are nearly the samg@ent only about 50% is converted. This may be partly due to
As a result the concentration of small clusters rises anghe diffusion of the e-h pairs, and therefore the actual exciton
quickly reaches a steady value. These features are consisteféinsity is smaller than our evaluation. Nevertheless the dif-
with our calculation. The luminescence indicates that theysjon effect might be marginal since the time scale is only
system reaches its quasiequilibrium in about 200 ps, which ig00 ps and the initial carrier distribution with a penetration
comparable to the 120 ps value we obtained. It is also seen iflepth of 15um is less spatially inhomogeneous. It is re-

Fig. 1(b) that excitons(n=1) decay much slower than clus- ported that the effect of diffusion of an e-h system in Si is
ters withn=2—because the lifetime of excitongis larger  negligible during the 200 ps after excitatibhMoreover, the
than that of e-h pairs in e-h clusterg and also because high density of e-h pairs causes large Auger recombination in
excitons get additional compensation from the recombinatiolEHD and a repulsion of excitons from EHD by the phonon
of large clusters. wind.2% Thus the efficiency of the collection of excitons

In order to monitor the average size of the cluster, we plotvhich collide with EHD decreases, and less excitons are con-
the ANPC(n)=2_;nf(n,t)/=_,f(n,t) as a function of time  verted into EHD. These effects also slow down the formation
in Fig. 1(b). The ANPC is less than 3, and is different to that process as the gain ragg in Eq. (2) is proportional to exci-
obtained for direct band-gap semiconductdr¥ Note that ton density, and thus lead to a longer formation time in the
in the present model the coalescence of clusters larger thaxperiment compared to our results.

excitons(e.g., biexcitonsis neglected. The coalescence of We now discuss kinetics under a higher excitation. Figure
clusters adds to the cluster formation mechanism, thus thi8 shows the same calculation as in Fig. 1 but with a much
approximation leads to a smaller ANPC in our results. De-higher excitation, i.e., ninety times as large as in Fig. 1. This
spite this, the ANPC is still too small to result in the forma- intensity corresponds to an excitation-ef.7 mJ/cn in the
tion of macroscopic EHDs. The smallness of ANPC and theexperimeng It is seen from the figure that compared to the
shortness of the time during which the system is in quasicase of low excitation in Fig. 1, the exciton density decays
equilibrium indicate that the system is characteristic of aduring the first 20 ps. This explains the absence of exciton
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FIG. 4. Calculateda) and experimentalb) e-h droplet forma-
101 tion times and exciton formation times versus the excitation inten-
sity. @: time used whemy reaches its maximum# : time used
106 |, yvhen Ng reaches its half maximumh: time used whem, reaches
o Its maximum.
1
E 10t 8
= : v sults is nearly zero which is smaller than the experimental
= o2 : \ value around 20 ps. This is due to the fact that we use a
i 12 simple model of Gaussian excitation in which the relaxation
101 ; 20 : process of the e-h system is neglected. As mentioned before,
. m : the relaxation, diffusion, and the Auger processes slow down
1 . —

the EHD formation process. Thus our calculations produce a
relatively small formation time.

We now study the kinetics of diamond at high temperature

FIG. 3. (a) Cluster concentration versus time and number of e-h(l00 K_) using equations of moment Eq8)-(10). Itis no_ted
pairs per cluster for diamond @=12 K under Gaussian pulse ex- that this method only allows one to study the formation and
citation with Gy=5.6x 10* cm s, ,=0.1 ps, andy=1.0 ps.(b) decay processes close to the steady state. We follow the path
Concentration of some selected clusteaiid curvé and ANPC(ny  used for the low temperature case, i.e., first a small excitation
(dashed Curvbversus time. and thel’l a h|gh eXCitatiOI’l.

In Fig. 5(a) we present the evolution of the “exciton den-

luminescence in the experiment performed at a similasjty” Eq. (6), the three integer moments of the EHD distri-

excitation® It is also seen that although the peak excitonpytion Eq.(5), the average size of EHB=x,/x, and the
density is almost proportional to the excitation intensity, theyg|ative mean square of EHD distribution

exciton density in the quasi-equilibrium is smaller for larger
excitation intensities. In Fig.(b) and Fig. 3b), the exciton —
density in QUasieqUiIibriumgis(, ;bout Hﬁ%m%)under an ex- (An)?=[Xal%o = (xa/%0)} (xa/%0)? (11
citation of 0.2mJ/crh and only 16%3cm™ under
17 mJ/cm. Moreover, the ANPC increases very little de- under an excitation of 1.8 mJ/émvery different from the
spite such a large increase in excitation intensity. This behavesults at low temperature where only small clusters are
ior confirms the second-order nature of the exciton-EHDformed, here one finds that the average drop size is very
transition at this low temperature, and it is similar to whatlarge: about 10 Nevertheless the density of all e-h pairs
was discovered in Ge and Si at sufficiently low Which are condensed in EHDs, i.&, is rather small, less
temperatureé.It is understood that the larger excitation in- than 16% cm. This can be understood easily: For a high
tensity makes the concentration of clusters grow up moréemperature the evaporation ratg is much larger and this
rapidly since the gairg, in Eq. (2) is proportional to the larger evaporation impedes the formation of EHD. For the
exciton density. same reason the formation of EHD slows down. The time
Before we discuss the high temperature case, we analyzghen EHD density reaches its maximum is abouf 4§
the dependence on the excitation intensity at low temperasompared to about 40 ps under the same excitation at 12 K.
ture. In Fig. 4 we compare the time delays at whith  The relative mean square of EHD distributiéhn)?, which
reaches the maximum and half maximum as well as the timéescribes the fluctuation of droplet distribution, is very small
delay needed for the exciton densityto reach a maximum when the system is in the steady state.
under different excitation intensiti¢&ig. 4(a)] with those in The kinetics at a higher excitation intensity of 6.1 mJfcm
the experimenfFig. 4b)].2 The figure shows that our results is plotted in Fig. %b). Note that the curve of; in Fig. 5(b)
are in good qualitative agreement with experiment. In bothis comparable with that in Fig.(d) of Ref. 5—where the
figures the formation time of e-h cluster decreases with th@xcitation density and temperature are similar to those in the
increase of the excitation intensity, and the time when thecalculation—except that our result is plotted in a logarithmic
exciton density(luminescence intensityreaches its maxi- scale and in a larger time range. Moreover the kinetics shows
mum is independent of the excitation intensity. One may findwo main differences from the low excitation case: First, the
that the time of the maximum density of exciton in our re-average drop size is much smaller: about $pSecond, the

10-! 10° 10! 102 10° 10% 105 10°
t (ps)
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10% 10 potential in Eq(A1) remains nearly the same so that there is
enough time for the e-h system to evolve slowly into its
equilibrium, where the average drop size is very large, while
in Fig. 5(b) one finds the process in 80—200 ps cauge®
decrease by one order of magnitude. The depletion of exci-
tons prevents droplets to grow larger, i.e., the shortage of
excitons stops the growth of the size of droplets when the
gaing, and losd,, rates are equal. Therefore the system can
only reach a steady state which is in fact far away from
equilibrium. It is noted from Eq(7) thatn.e (In ny) 3, i.e.,n,
10-¢ 1078 decreases with the increase of excitation. This, together with
ot 102 10 10t 10° the fact that the formation rates of multiexciton complexes
t (ps) are proportional ta,, tend to increase the number of small
droplets greatly with the increase of excitation density. In
short, a large excitation tends to create too many small drop-
lets which are unable to grow into large ones due to the
limited number of excitons. And as a result, the density of
exciton, ny, is small while the density of all e-h pairs con-
densed in dropletsy, is large. These metastable features are
similar to those in Ge at a high enough temperattire.

In summary we have studied the kinetics of EHD forma-
tion and decay at lowl12 K) and high(100 K) temperatures
under both low and high excitations by master equations. At
low temperature our results are comparable with measure-
ments reported by Nagat al® The time evolution of exciton
and EHD basically represents the time-resolved photo-
¢ (ps) luminescence measurement. The possible causes of the dis-
crepancies between the calculation and the experiments are
ments of EHD distributionxg, X;,X,, for diamond at 100 K, the d,'sc!“'ssed in detail. The ANPC under bc_)th low and high ex-
average number of e-h pairs per drapand the relative mean Citation are too small to fqrm macroscopic EHDs. The smal_l-
square of the droplet distributioan)? under different excitation. N€SS of ANPC and the time during which the system is in
We use Gaussian pulse excitation wigr 0.1 ps andy=0.1 ps:(a) equilibrium |nd|c_ate .that the phase transition is a second or-
Go=6X 10% cmi 3L (b) G,=20x 100 cmi3sL. dg( process as in direct semiconductors. Despite much sim-

plification in the model of the master equation theory, our
density of all e-h pairs which are condensed into droplgts, results are in good qualitative agreement with experimental
is much larger—around #®cm™ which is at least four or- results. Our study of EHD at high temperature predicts that
ders of magnitude larger. the average drop size is as large a& Moreover, under low

The high excitation creates a large number of excitonséXcitation the average size of EHDs is very large but the
which then produce a large number of small droplets. HowEHD density is very low. Under high excitation the average
ever this process, together with the growth of the newly cresize of EHDs is much smaller, but the EHD density is much
ated small drop|et3, tend to redum_ As n, becomes Iarger. The phySiCS behind these predictions is discussed in
smaller, the thermal potential in E¢A1) forms a higher detail. These effects demonstrate the metastable feature of
barrier between excitons-multiexciton complexes andhe kinetics at high temperature in diamond. Experiments are
EHDs?2223When the thermal potential grows high enough, itneeded to verify these predictions.
blocks the multiexciton complexes to grow into small drop-
lets and the reverse process. Thus for a relatively long time[10
the droplet densityx, becomes stable. It is noted thag
always becomes stable before other momentsndx,, get
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103
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FIG. 5. Time dependence of the “exciton density, the mo-
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Fno  (n\¥2C  [¥(Mm)-¥(ny) n i '
J =b 2/3 x\¢ ( C) = —_ 7 Ve —-_ X 2 . ~2/3 ]_
n, =~ bNNg [ 0 = 0 ex KT ' W(n)=-kTnln —ns + 47Ryon” + kTJg1 In{ 1+ )

(A1) (A2)

As for f(ng,t), whendn./at>0 it takes the form of distri-

with Fy(n)=nn*“exd~W(n)/KT] denoting the distribution 1 ion function of excitons and multiexciton complexes:

function of excitons and multiexciton complexes

=\[2mkT/[#¥(n)/n?], is the width of the potential barrier f(ne,t) = Fu(ne)/2. (A3)
between e_xcitons/multiexciton complexes and_ EHDs. Otherwise,
=X1/%Xy IS the average drop size. C EHDs:
:x0/[2fﬂc(nlﬁ)3’2exp(‘1'(n_)—\If(n)/kT)dn] is a normalization

factor of the distribution function of EHDs and the thermal Hnot) ~ C(n—°>3/2exp< w(n) —\If(nc)) (Ad)
potential W (n) is given by3 ¢ n KT '

it takes the form of distribution function of
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