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Creation of supercooled exciton gas and transformation to electron-hole droplets in diamond
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We investigated the formation dynamics of electron-hole droplets in a high-purity single crystal diamond
under photoexcitation near the band gap using time-resolved emission spectroscopy. Below the exciton Mott
transition density, photogenerated carriers are cooled, and exciton emission appears within 30 ps. A broad
emission band of droplets rises slowly, accompanied with a reduction in the exciton emission intensity in the
next hundred picoseconds. This spectral change indicates the initial formation of low-temperature supersatu-
rated exciton gas and subsequent spatial condensation of dense exciton gas into electron-hole droplets.
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A photoexcited electron-hol@-h system in semiconduc- an e-h system in diamorld.Using Thomas-Fermi screening
tors has been attracting interest for the study of many-bodgpproximation, the critical density of the exciton Mott tran-
guantum physics in particles’ system with the Coulombsition is described a||, .= (4ag) *=4x10%cm 3. At
interaction® This is because a small effective mass of bipolarthis density, the Fermi temperatures of the electron and hole
carriers and large dielectric constant in semiconductors erare 141 K and 71 K, respectively, and the critical temperature
hance the quantum mechanical effects, which can manifestf the exciton Bose-Einstein condensatiBEC) is 11 K.
themselves in various and unique macroscopic phenomenblowever, the interaction between carriers leads to the insta-
Another important reason is that changing the intensity andility of the quantum degenerate phases in the vicinity of the
duration of the light pulses can easily control the density andviott density; as a result, these phases are hidden inside the
temperature of the photoexcited carriers in semiconductorgthase-separated region, where the metallic liquid phase and
Moreover, recent advances in ultrafast laser techniques havbe exciton gas phase coexist. The excitation density depen-
made it possible to create essentially nonequilibrium endence of the time-integrated emission spectra clearly shows
sembles whose intrinsic dynamics can be probed by théhe occurrence of such phase separation. Figurésc)l
method of ultrafast laser spectroscopy. shows the time-integrated luminescence spectra of photoex-

At low-excitation densities, an electron and hole form ancited diamond at 12 K. At low-excitation density, a narrow
electrically neutral composite particle, i.e., exciton. As soontransverse opticalTO) phonon-assisted free-exciton line at
as the average distance between excitons becomes compE27 eV dominates the luminescerjéég. 1(b)].** Above the
rable with the exciton Bohr radiugg, i.e., at higher exciton
densities, excitons become ionized due to screening of the 300

Coulomb attraction. This transformation from the insulating (b)

exciton gas to metallic plasma is called the exciton Mott — 12K
transition. At low temperature, in particular, this phase tran- 5200

sition manifests itself as a transformation of the ensemble of g

quantum degenerate boséms high-density quantum degen- g (©)

erate fermions. The exciton Mott transition is usually ac- 200 «1/140
companied with a liquid-gas phase transition, which has been @

observed in indirect-gap semiconductors with large band

degeneradd? and direct-gap polar semiconduct8fs’ Being - as L ....EEE ooy

-

a phase transformation of the first order, this transition mani- 10"  10"®, 10*° 50515253
fests itself as the formation of metallic e-h liquid droplet Density (cm ") Energy (eV)

(EHD) in the exciton gas. The competition of the liquid gas
and exciton Mott transitions, which gives rise to a rich vari-

ety of.ggallable phases, has been extensively studied in GHomas-Fermi and the Debye-Huckel-type screening approximas-
and Si. tions. A thin curve is the boundary of the liquid-gas phase transition

Diamond has recently emerged as a 91qu material tQjih a simple Guggenheim modéRef. 16 with the parameters of
study the collective behavior of e-h systetfis* Diamond is T.=165 K andn,=3x 10" cm 3. Dashed curves indicate crite-

a wide indirect-gap semiconductoE{=5.49 eV’) with @ rion of excitonic BEC and the Fermi degenerate of electron and
band structure similar to those of Ge and Si. Since the excihole. The figures on the right show the time-integrated emission
ton binding energy in diamond is as large as 80 nfeVit  spectra in diamond at 12 K under subpicosecond pulse excitation,
may be possible to discriminate among various states in &here the excitation densities ard) 0.002 mJ/crh and (c)
wide energy scale. Figureg(d shows the phase diagram of 17 mJ/cri.

FIG. 1. (a) Phase diagram of an e-h system in diamdRetf.
11). Two bold lines indicate the Mott criterion given by the
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FIG. 2. (Color) Time-resolved
emission spectra at 12 K. The ex-
citation density is(a) 17 mJ/cnd
and (b) 0.2 mJ/cnd. Two curves
in lower figure show the temporal
evolution of the exciton and EHD
emission intensities at the excita-
tion density of 0.2 mJ/cf
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excitation density of 0.01 mJ/ém a broad TO phonon- amplified mode-locked Ti:sapphire laser set to 870 (@2
assisted EHD emission band centered at 5.15 eV appeaps pulse duration and 1 kHz repetition ratetense ultravio-
[Fig. 1(c)].*>*A density in EHD ofn,=1x10?°cm 3 and let pulse was generated via the efficient sum frequency gen-
a critical temperature of ;= 165 K are obtained from spec- eration process in 8-BaB,0, crystal with a thickness of 0.3
tral line shape analysis in time-resolved emission measureaam, which was irradiated by the fundamental pulse and its
ments with subpicosecond pulse excitatfBrThese values third harmonic. The photon energy of excitation 5.70 eV
are consistent with the values obtained from the temperatur@17.5 nm was above the indirect-gap, where the penetra-
dependence of emission spectra under quasi-cw excitatiofon depth was 1%m.!’ The excitation pulse was focused on
conditions!*** By substituting the experimentally obtained a sample with a spot size of 7@m. The average carrier
critical t%nperature and density to the Guggenheim empiricajensity could be easily controlled up to<@0'° cm™3. The
formula,® we can calculate the boundary of the phaseyyminescence was measured using a spectrometer with a fo-
separated region that is shown in _Flgja)lby a thin curve. .o, length of 50 cm and a Streak camérmamatsu 1955

The BEC criterion is observed to sink at the very bottom ofry o tamporal resolution and spectral resolution were 17 ps
this phqse coexistence area. However, our recent experimep: 5 nm, respectively.

tal findings indicate that the phase separation takes finite Figure 2a) shows the contour plothe longitudinal and

time of about several tens of picosecoddBuring this time, :

S transverse axes show the photon energy and time, respec-
the e-h ensemble can form a quasiequilibrium metastabl X . o .
state. If the e-h system cools down to the lattice temperatur vely) of time-resolved emission at the (_excna_tlon _densny of
before the spatial condensation occurs, we may have 7 mJ/cnd. Note that the corresponding time-integrated

chance to reveal the collective phenomena of the ensembRPECtTUM is shown in Fig.(®¢). The average e-h density,
of excitons at low temperature. In this report, we measurdvhich can be estimated from the excitation photon flux and

. . . . . . i P H 9 -3 i
time-resolved emission spectra in diamond at different exciabsorption coefficient, is 1:210" cm™*, i.e., itis above the

tation densities to reveal the mechanism of EHD formatioreXciton Mott density. Broadband EHD emission, which is
and investigate the collective metastable e-h state, which exshown by a red area in Fig. 2 and centered at 5.15 eV, ap-
ists in the nonequilibrium region of the phase diagram.  pears right after excitation. After 20 ps, the high-energy
A single crystal diamond with the size 0x2x0.5 mm  boundary of this ban@shown as the lowest-level contour of
grown by the high-temperature and high-pressure methodmission intensity stays at 5.21 eV, while the low-energy
was used. The sample was mounted in a closed cycled crypoundary shifts down to 5.10 eV for 40 ps. These features
ostat free from any strain at the temperature of 12 K. Thandicate the spatial condensation of e-h plasma gas to dense
excitation light was the fourth harmonic of a regenerativeEHD within several tens of picoseconds, reproducing the
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Ly ey M Closed circles show the formation time of EHD at the excitation
245 240 235 density above the Mott criteriofRef. 10. Closed squares show the
Wavelength (nm) time of maximum exciton emission intensity. The inset shows the

temporal evolution of EHD emissiofsolid curve$ and exciton

FIG. 3. Tlme-r(_esolved gmlssmn _Spectra at an excitation denSIt%mission(bold curve$ intensities at the excitation density of 0.2
of 0.2 mJ/cr at different times. Solid curves on the results at 12,anol 4.9 mJ/ch

37, 62, and 112 ps show the theoretical curves of the exciton emis-

sion of 100, 45, 40, and 40 K, respectively. ) . )
P Y supercooled and high-density exciton gas at a few tens of

features reported in Ref. 10. After 100 ps, the EHD emissiorf<€/Vins. At longer time delays, the density fluctuation of
band decays in the time scale of 1 ns. excitons results in the slow formation of EHD.

Figure 2b) shows the time-resolved emission spectra at The obFair)ed copling “”Te from the line shape an_aly_sis
the moderate excitation density of 0.2 mJcriihis excita- almost coincides with the time when the exciton emission

tion photon flux corresponds to the average exciton densit ache§ its maximum. This indicatgs tha}t the thermali'zation
of 1x 107 cm™3, which is below the Mott density. In this f carriers takes place accompanied with the formation of

emission spectrum, both broad EHD and sharp TO phonone_xcitons. Closed squares in Fig. 4 show the dependence of

assisted exciton lines can be seen. The temporal evolution Hf’ﬁ r;]sehnme t?\n tthe ex0|t|at|on| c:_ensn%/.tr;l'he 'n.f‘et n E'EHLE)
these emission intensities is shown in the inset. The excitofy !¢ SNOWS (he temporal evolution ot the exciton an

emission intensity reaches its maximum at 30 ps after exciemission intensity at the density of 0.2 and 4.9 mdjcm

tation. At longer time delays, the increase in the EHD emis.clarifies the definition of the rise time. It is clear that the rise
. ' ime of the exciton emission does not depend on the excita-

sion is accompanied by a decrease of the exciton emissiotHhn

intensity. As soon as the EHD emission intensity reaches itd®" density and remains 30 ps below the Mott density. This

maximum at 260 ps, the exciton emission decay become@pid rise is caused by the efficient carrier phonon interaction

slower. These results indicate the transformation of the exciy'@ & large deformation potent’rﬁland high thermal conduc-

ton gas into EHD in the time from 30 to 260 ps. tivity that leads to the fast cooling of the latti&&Since this

; . o ling time is much shorter than the exciton lifetime
Figure 3 shows the time-resolved emission spectra at th 00 o .
excitation density of 0.2 mJ/cmand various time delays. ~100 ng and EHD lifetime(1 n,'” the spatial phase sepa-

Only a TO phonon-assisted exciton emission line appears tion occursbaf]'fer dehnse ex.(;]l'tlon_ 9as ]:S CﬁOqu toérl]e srémple
12 and 37 ps, and, later, an EHD emission band slowly apt_emperature efore the annihilation of e-h pairs. Closed tri-
ngles and open circles in Fig. 4 show the time of maximum

pears. Here, we focus on the line shape of exciton emissiof ' AR : .
which is asymmetric and has a tail in the high-energy Sideand half-maximum EHD emission intensity, respectively, be-

This tail becomes narrower with time. The exciton line shapéOW t?e Mt%tt dlenS|ty, and. (;IosEi:JDcwt():Ies 3:]0\"\\;' t?tedtqur?ft to
is determined by the exciton density of states weighted b ranstorm the plasma gas into Erb above the Vot density.
the Maxwell-Boltzmann distribution as the following: hese three times can be considered as the major character-

istics of the EHD formation. In the dilute density region, the
n(E)= \/Eexp(—E/kBTeff), (1) EHD.formation slows down. In pa(ticylar,_ at th_e excitation
density of 0.2 mJ/ci) the EHD emission intensity reaches
whereE is the kinetic energy of the exciton afg; is its  its maximum at 260 ps and its half-maximum at 100 ps. This
effective temperature. This equation allows us to obtain théndicates that the supercooled exciton gas reaches quasiequi-
effective temperature from the spectrum of exciton emissionlibrium within 100 ps. Recent theoretical calculation indi-
The solid lines in Fig. 3 show the calculated emission spectraates that the BEC-type correlation builds up within a few
at To;=100 K at 12 ps, 45 K at 37 ps, and 40 K at 62 ps.nanosecond® This supports the possibility to observe BEC-
Although the spectral resolution of 4 meV does not allow uslike phase by reducing the system temperature to sustain the
to extend this analysis for longer time delays, our resultsnetastable supercooled for longer period.
indicate that photoexcited carriers are cooled rapidly towards Finally, the temporal evolution of the EHD emission will
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be discussed. In Fig.(B), EHD emission appears at the peak Correspondingly, further systematic measurements in the
position of 5.20 eV at 50 ps. The EHD emission band shiftsquantum degenerate regime, which can be achieved by exci-
toward the low-energy side with an increase of its intensitytation with low excess kinetic energy and low lattice tem-
with time. The emission line shape does not change after 30ferature, are required.

ps, which coincides with the time when EHD emission in-  |n summary, the time-resolved emission spectra of photo-
tensity reaches its maximum. The lack of change in the lingxcited carriers in diamond were measured below the Mott
shape after 300 ps implies that the system has reached @nsity with band-to-band excitation. The transformation of
equilibrium, i.e., the droplets have achieved a macroscopigyasistable and supercooled exciton gas into metallic liquid
size, forming a uniform e-h liquid phase. On the other handygpiets was observed. The observation of the low-
the strong change of the emission spectrum during the img, o re supersaturated exciton gas can provide access to

interval from 50 to 300 ps indicates that the e-h system is fa e L
from the equilibrium liquid phase. During the nucleation andE:gaig;ur:n ?ﬁgepnhear:;ed&r;az;s existing in the nonequilibrium

growth of EHD, the emission band is expected to dominate
the emission of clusters containing several e-h pairs. Such a The authors would like to thank Yu. P. Svirko for fruitful
small carrier ensemble should have very different propertiesliscussions and also acknowledge A. Ishikawa and T. Ogawa
in comparison with a continuous metallic phase. A study offor stimulating discussions. This work was supported by a
these properties may lead to new aspects in the crossov@rant-in-Aid for COE Research from the Ministry of Educa-
from the degenerate boson to degenerate fermion systerion, Science, Sports, and Culture of Japan.

*Present address: Department of Physics, Kyoto University*!M. Nagai, R. Shimano, K. Horiuchi, and M. Kuwata-Gonokami,

Kyoto 606-8502, Japan. Phys. Status Solidi 238 509 (2003.
TAuthor to whom correspondence should be addressed. EmalfProperties and Growth of Diamonedited by G. Davie$lnstitu-
address: gonokami@ap.t.u-tokyo.ac.jp tion of Electrical Engineers, London, 1994
1C.F. Klingshirin, Semiconductor OpticéSpringer, Berlin, 1997  3P.J. Dean, E.C. Lightowlers, and D.R. Wight, Phys. RBAQ
2E. Hanamura and H. Haug, Phys. Rep., Phys. L8®. 209 A352 (1965.

(1977. 14K. Thonkeet al, Diamond Relat. Matel®, 428 (2000).

3M. Randeria, inBose-Einstein Condensatioedited by A. Griffin,  °N. Teofilov et al, Diamond Relat. Materl2, 428 (2003.
D.W. Snoke, and S. StringafiCambridge University Press, °E.A. Guggenheim,Thermodynamics3rd ed. (North-Holland,

Cambridge, 1996p. 355. Amsterdam, 195)7 pp. 168.
“4Electron-Hole Droplets in Semiconductorsdited by C.D. Jef- 1"The penetration depth of 10m at 217.5 nm at room temperature
fries and L.V. Keldysh(North-Holland, Amsterdam, 1983 is reported in Ref. 20. We determine the penetration depth at 12
5S.G. Tikhodeev, Sov. Phys. Usp8, 1 (1985. K with the assumption of the same temperature dependence as
6K. Bohnertet al, Z. Phys. B: Condens. Mattdr2, 1 (1981. that at 222 nm, where we measured 50% longer penetration
™. Nagai and M. Kuwata-Gonokami, J. Lumib00, 233(2002. depth at 10 K than that at room temperature.
8A.H. Simon, S.J. Kirch, and J.P. Wolfe, Phys. Rev4® 10 098  8K. Tsukioka, Jpn. J. Appl. Phys., Part4D, 3108(2001).
(1992. 190.M. Schmitt, D.B. Tram Thoali, L. Bayai, P. Gartner, and H.
9L.M. Smith and J.P. Wolfe, Phys. Rev. 8, 7521(1995. Haug, Phys. Rev. LetB6, 3839(200)).
1R, Shimano, M. Nagai, K. Horiuch, and M. Kuwata-Gonokami, 20C.D. Clark, P.J. Dean, and P.V. Harris, Proc. R. Soc. London, Ser.
Phys. Rev. Lett88, 057404(2002. A 277, 312(1964.

081202-4



