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NUCLEATION PHENOMENA IN ELECTRON-HOLE DROP FORMATION IN Ge 

PART III: EXPERIMENTAL RESULTS 

by 

R.M. Westervelt, J.L. Staehli 1 and E.E. Haller 

Department·of Physics, University of California 

and 

Lawrence Berkeley Laboratory, Berkeley, CA 94720 

ABSTRACT 

A systematic experimental study and theoretical analysis of hysteresis 

and threshold phenomena in the luminescence of electron-hole drops (EHD) 

and free excitons (FE) in volume-excited crystals of ultra-pure Ge is 

presented. Data are given between 1.2K and 2.0K for 1) hysteresis 

curves for the EHD and FE luminescence intensity obtained by cycling 

the excitation; 2) metastable time development of the EHD signal for 

times -4 x 103 sec; and 3) a calibrated phase diagram for the FE 

density tresholds ~ and n_ for the creation and destruction of 

EHD vs. T. Excellent agreement between these data and nucleation theory 

is found. The principal experimental results are: 1) reproducible 

hysteresis curves for EHD exhibiting well-defined excitation thresholds; 

2) logarithmic variation of the EHD signal with time and direct evidence 

that individual EHD can exist for times -6 x 104 sec; 3) the first 

measurement 'o = 1.9 ± 0.2 meV of the EHD condensation energy from 

threshold data wh,ich correctly accounts for non-equilibrium effects, 

resolving previous discrepancies with spectroscopic data; and 4) an 

accurate measurement of the EHD surface energy 

w = (2.6 ± 0.3) x 10-4 erg cm-2 • 

1) Present address: Ecole Polytechnique Federale, Laboratoire de 
Physique Appliquee, 2, av. Ruchonnet, CH-1003 LAUSANNE, SWITZERLAND 
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1. INTRODUCTION 

In Parts I [1] and II [2] of this paper we presented a theory of 

the nucleation of electron-hole drops (EHD) from a supersaturated gas 

of free-excitons (FE) and quantitatively predicted a number of observable 

metastable and nonequilibrium effects in the FE-EHD system. Briefly, 

the nucleation phenomena expected theoretically are: 1) a pronounced 

hysteresis in the variation of the amounts of the FE and EHD phases 

with excitation level, and unique, well-defined excitation thresholds 

for the creation and destruction of drops; 2) the existence of extremely 

long-lived metastable states which approach equi~ibrium logarithmically 

in time; and 3) separation of the FE-EHD threshold ''phase diagram'' into 

separate branches for the creation and destruction of drops, both of 

which are greatly supersaturated below T = 2K. The theory of meta-

stability in this system has also been investigated by Silver [3]. 

In this paper we present the results of a thorough experimental 

investigation of EHD nucleation phenomena in ultrapure Ge. The 

intensity of the luminescence emitted by electron-hole drops and free 

excitons in optically excited Ge was used as a sensitive measure of 

the relative concentrations of these species. We report: Section 3.1, 

hysteresis curves for FE and EHD at various temperatures which exhibit 

well-defined thresholds for EHD formation and breakup; section 3.2, 

the metastable time development of the EHD signal; and section 3.3, 

measurement of the FE-EHD threshold phase diagram between 1.2K and 

2.0K. These data are in excellent overall agreement with the nucleation 

theory of Parts I and II. A fit of nucleation theory to the FE-EHD 
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phase diagram yields an accurate measurement of the EHD surface energy 

w, and the first correct threshold measurement of the condensation energy 

'· Previous measurements of the threshold phase diagram including 

hysteresis effects have been reported in Ge [4,5] and recently in 

Si [6]. However,. no quantitative fits with nucleation theory were 

made. Preliminary accounts of some aspects of this work have appeared 

in [ 4 ] and f7 ] • 
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2. EXPERIMENTAL APPARATUS 

A schematic diagram of the experimental apparatus is shown .in 

Fig. 1. The basic layout of the apparatus was straightforward: samples 

of ultra-pure Ge immersed in liquid He were optically excited on one 

face; the luminescence of electron-hole drops and free excitons was 

collected from the opposite face, spectrally analyzed, and recorded. 

However, the study of metastable phenomena placed a number of unusual 

constraints on this apparatus. As we show later, the state of the 

FE-EHD system in Ge is sensitive to the entire history of excitation 

of the sample for times as long as ~106 sec preceeding a measurement. 

Thus the excitation must be carefully stabilized, and cycled in an 

accurately reproducible manner as illustrated in Fig. 1 and described 

below. Similarly the Ge samples must be free of any external mechanisms 

such as electrical contacts, which are known to destroy drops and thus 

erase the memory of the system. 

Volume excitation of the Ge crystals was used in order to.minimize 

the influence of possible undesirable surface effects and to avoid the 

complicated problem of the transport of FE and EHD from the surface 

to the interior of the sample. We have found that surface excitation 

such as that used in previous work [4,5] can give irreproducible 

results, apparently caused by slow changes in the excitation efficiency, 

whereas data taken with volume excitation are strictly reproducible. As 

shown in Fig. I, volume excitation was achieved by using 1.52 ~m 

wavelength radiation derived from a tungsten-halogen lamp with an 

interference filter of bandwidth (FWHM) 40 nm. The measured absorp-
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tion length of this light in Ge at 4.2K was t = 1.1 ± 0.2 mm, which is 

comparable to Lx - 1 mm, the diffusion length for FE [8]. In order to 

maximize the,signal and to ease analysis of the data, the entire front· 

surfaces of the samples were uniformly illuminated. In this geometry 

the carrier generation rate is given by G(z) = c0 exp(-z/t), where z 

is the distance from the illuminated surface. Thus a relatively large 

volume of the samples was directly excited. 

-2 As shown in Fig. 1, the excitation power P(mW em ) was accurately 
! 

stabilized by the feedback loop including the Ge monitor photodetector, 

the differential amplifier, and the programmable DC power supply. This 

circuit reduced the unregulated drift in the la:mp output, -5% in 

3 3 10 sec at worst, to less than 0 .• 05% in 10 sec. Because the excitation 

·P accurately follows the output of the reference function generator 

(see Fig. 1), P can be cycled in a reprodu~.ible manner as illustrated 

in Fig. 1 and described below. The absolute value of the excitation 

P was calibrated using an optical calorimeter. 

Luminescence from electron-hole drops and free excitons was 

collected from the back face of the samples and spectrally analyzed 

by a 1/4 m Jarrell-Ash monochrometer equipped with broad slits 

(AA ~ 5.9 nm FWHM) for high sensitivity. The peak intensities Id 

and Ix of the LA phonon replicas of the EHD and FE luminescence were 

used to measure the relative amounts of these species. A sensitive 

cooled Ge p-i-n device was used to detect the luminescence; the detectivity 

of the detector-preamplifier combination at 1.75 ~m wavelength and 

400 Hz was D* ~ 1013 em w-1Hz 1 12 • The signals Id and Ix were integrated 

and recorded by a digital signal averaging system based on a multi-channel 
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analyzer (MCA) as shown in Fig. I. 

An important aspect of the work presented here is the investigation 

of the influence of various crystal defects on electron-hole drop· 

nucleation by the study of a number of well-characterized Ge crystals. 

Such defects could, in principle, dominate the character of the observed 

hysteresis data and make comparison with theory difficult. We 

investigated eight different crystals of ultra-pure Ge grown by W.L. 

Hansen and E.E. Haller, who have carefully studied similar crystals 

by far-infrared Fourier-transform spectroscopy to identify the various 

impurities present [9]. The dominant electrically-active impurities 

are the acceptor Al, and the donor P. The net impurity concentration 

of the eight samples studied varied from INA- NDI = 3 x 109 cm-3 

to 4 x 1012 cm-3 ; the total impurity concentration Ni = (NA + ND) is 

less than 10 times larger. Seven of the samples contained dislocations 

2 -2 4 -2 in concentrations from -10 em to -10 em ; whereas two samples 

were dislocation-free, but contained 80 rneV deep acceptor levels 

associated with vacancy clusters in the concentration ~2 x 1011 ern - 3 

Two samples, one with dislocations and one without, were cut ::::::1 em 

apart from the same crystal of Ge in order to rigorously test the 

influence of dislocations on EHD nucleation. 

All eight samples were prepared and mounted in a way which avoided 

placing external stress or electrical contacts on the Ge crystals. 

Both mechanisms are known to destroy drops and thus interfere with 

the observation of metastable states of the FE-EHD system. Each sample 

was cut to the size 3 x 4 x 9 mm3 , mechanically polished to an optical 

finish, then etched for~ 60 sec in CP-4 (15HF: 25 HN03 : 15 CH3COOH: 
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0.3 Br2 ) and quenched immediately in methanol. The samples were then 

mounted on a Cu plate with gentle wire springs, insulated from both 

the plate and the springs with myla:r pads, and immersed in pumped 

liquid He. The bath temperature was stabilized by a ·pressure regulator 

which limited the drift to ~ 0.03K per hour above 1.5K. 
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3. EXPERIMENTAL RESULTS AND ANALYSIS. 

3.1 Hysteresis Curves for Electron-Hole Drops and Free Excitons 

When the EHD luminescence signal Id is recorded while the excita-

tion P is continuously swept from zero to a maximum value Pmax' then 

back to zero, a hysteresis curve is generated: the signal Id on the 

downgoing branch is larger than that on the upgoing branch, and the 

thresholds for the creation and breakup of EHD differ substantially. 

This effect was discovered by Lo, Feldman a~d Jeffries [10] using this 

method of excitation. These authors noted irreproducibility in the 

results obtained for rd. In order to avoid apparently irreproducible 

effects of the metastable time development of the EHD signal, and to 

ease comparisonwith nucleation theory, all of the data presented in 

this paper were taken point-by-point as illustrated by the excitation 

cycles shown in Fig. 1. Upgoing data points (UP) were each taken by 

increasing the excitation from zero to a constant value P at which 

the upgoing EHD and FE signals I~ and I~ were recorded; downgoing 

(DOWN) points were each taken by initially increasing the excitation 

from .zero to a large value Pmax' then decreasing the excitation to 

a constant value P at which the downgoing EHD and FE signals Id and 

I~ were recorded. 

Hysteresis curves for EHD and FE in Ge at 1.82K recorded in this 

manner are shown in Fig. 2. Compared with the original hysteresis 

data of Lo et. al. [10], these results are much improved in that they 

exhibit much higher sensitivity, and are strictly reproducible. A large 

hysteresis is evident in both the EHD and FE signals Id and Ix shown 



-8-

in Fig. 2. Drops created by the relatively large initial excitation 

Pmax = 4.72 mW cm-2 in the downgoing case, remain as the excitation 

is reduced and cause the separation between the curves for Id + and Id • 

These signals display sharp, separate excitation thresholds,for the 

creation and destruction of EHD at P+ ~ 0.52 mW cm-2 and at 

-2 P_ ~ 0.28 mW em respect-ively, which differ by a factor of two. Below 

threshold, the FE signals Ix + and Ix do not displ.ay hysteresis and 

increase linearly with excitation as one expects for a simple system 

composed only of free excitons. At the respective thresholds P and 

P+ the FE signals Ix- and Ix+ break downward from their linear depen-

dence on P as an increasing fraction of excited e-h pairs enter the EHD. 

phase. As a result, the FE signals display an inverted hysteresis which 

is consistent with the conservation of excited carriers as described in 

Part II [2] by (1). In fact,·· these curves fit the conservation equation 

P « Ix± + a·Id± quite well. Thus the hysteresis curves of Fig. 2 

exhibit large supersaturation effects analogous to those found for 

ordinary liquids such as water. All of the basic hysteresis phenomena 

for EHD and FE described above for Fig. 2 were observed for every sample 

studied at this temperature for both surface and volume excitation and 

are truly characteristic of the EHD-FE system in ultrapure Ge. These 

phenomena are in good agreement with the predictions of nucleation theory 

as described in Parts I and II [1,2]. Recent+y similar hysteresis 

effects have also been observed for Si [ 11] as predicted in Part II. 

In order to test the influence of dislocations and neutral 

impurities as nucleation centers for electron-hole drops, we recorded 

hysteresis curves·similar to Fig. 2 for eight specially selected Ge 
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crystals. For these data 6nly. surface excitation from a tungsten 

lamp was used. The hysteresis curves for the EHD signals I~ and 

Id vs. P measured on all,eight samples at T = 2.1K were qualitatively 

identical; we used the thresholds P+ arid P_ as a measure of influence 

of specific defects. 

Of the various defects present in the samples studied, dislocations 

might be expected to be most effective as nucleation centers for EHD. 

The large strain field surrounding a dislocation attracts free excitons 

and considerably lowers the energy per e-h pair of the e-h liquid. 

A detailed analysis is quite difficult; qualitatively we expect a 

pronounced shift by a factor of -100 of the threshold P+ to lower 

excitation, and a substantial change in the threshold ratio P+/P_. 

The actual hysteresis data show no major change in either the threshold 

P+ or the ratio P+/P_ with dislocatio~ density in the range zero 

(undislocated) to. "'104 cm-2 (compare Figs. 2 and 3, for example). 

We conclude that the rate of destruction of FE and EHD at the dislocation 

core is sufficient to prevent the formation of macroscopic EHD, even 

if EHD embryos are nucleated by dislocations. 

Barring dislocations, shallow electrical impurities are expected 

to be most important as nucleation centers for EHD. The binding energy 

B of an e-h drop on one neutral donor has been calculated to be 5 meV [12] 

to 7 meV [13]. This binding aids the growth of drop embryos as described 

in Parts I and II [1,2]. The measured threshold ratios P+/P_ on eight 

Ge samples are significantly correlated with net impurity concentration 

INA- NDI; as INA- NDI increases from 3 x 109 cm-3 to 4 x 1012 cm-3 , 

the ratio P+/P_ decreases by roughly a factor of 1.5. This correlation 
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is evidence that the nucleation of EHD actually observed takes place 

on shallow .electrical impurities. A similar but smaller decrease is 

pr~dicted by inhomogeneous nucleation theory [1,2); as Ni = NA + ND 

i f 1010 -3 10i3 -3 h i p /P d b ·15%. ncreases rom em to · em ·, t e· rat o + _ ecreases· y 

We return now to the discussion of hysteresis curves. Nucleation 

theory predicts that the downgoing threshold P_ is a unique function of 

the temperature and time of observation for a given sample, and·is 

independent of the initial large excitation Pmax used to record the 

data. Hysteresis curves for EHD taken at 1.80K are shown in Fig. 3 

for several different values of the initial excitation P .· in the max 

downgoing case. As shown in Fig. 3, the threshold P = 0.63 mW cm-2 

for EHD breakup accurately reproduces as the initial level is increased 

-2 from Pmax = 2.52 mW em , just above the upgoing threshold, to 

-2 P = 4.72 mW em , in agreement with theory. max 

As discussed in Part II [2], we also expect that the concentration 

N of e'"":h drops remains constant in the downgoing case-as the excitation 

P is reduced below P • Eventually drops are expected to break up max 

at the level of excitation, somewhat larger than the threshold P_ , at 

which the FE density n locally reaches the threshold value n_ The 

signals Id~ in Figs. 3b to 3d all display a break in slope near the 

downgoing threhsold, indicated for Fig. 3b, at a critical value Pc 

of the excitation, suggesting that. EHD begin to breakup at the 

excitation Pc• 

These theoretical predictions can be experimentally tested by using 

a specially constructed cycle of excitation. Data taken under the same 

experimental conditions as Fig. 3d, but with an additional step in the 
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downgoing excitation cycle, are shown in Fig. 4. In recording this 

data, the initial P was the same as for Fig. 3d, and the final level max 

P at which the EHD signal was recorded was fixed just bel~w the formation 

-2 threshold P+ at the constant value P = 1.42 mW em As shown in 

the insert to Fig. 4, only the additional excitation level P2 was varied, 

from zero to the value of P. Thus if the drop concentration N remains 

constant during the dip in excitation to the level P2 , the final signal 

Id shown in Fig. 4 will be independent of P2 ; if N decreases Id will 

also decrease. As indicated in Fig. 4, Id is nearly constant for 

P2 > Pc' indicating that N changes very little as expected. For P2 <~Pc 

the EHD signal decreases sharply with P2 , and reaches zero at the destruc-

tion threshold P_, indicating that the number of EHD also decreases with 

p2 to zero at r_. The values of P and P_ shown in Fig. 4 accurately c 

agree with those of Fig. 3d. Thus the number of drops shown to be 

constant for a downgoing hysteresis curve between the excitation levels 

P and P , in agreement with nucleation theory. This conclusion c max 

has also been reached by Etienne et al. [S], using a different method. 

The hysteresis curves shown in Figs. 2 to 4 were all taken at 

temperatures T ~ 2K. For ordinary liquids such as water metastable 

supersaturation effects become larger as the temperature is reduced. 

However, for EHD in Ge at temperatures below 2K the opposite is the 

case. A series of hysteresis curves for EHD taken on the same sample 

at lower temperatures is shown in Figs. Sa through Sc. As T decreases 

from 1.64K in Fig. Sa to 1.2SK in Fig. Sc, the thresholds P+ and P_ 

for the creation and destruction of EHD approach each other; at 

1.2SK hysteresis in the EHD signal is entirely absent. As discussed 
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in Parts I and II [1,2] this effect is expected from EHD nucleation 

theory .and is a direct consequence of the finite lifetime of the e-h 

liquid. The temperature at which hysteresis disappears, T ~ 1.3 to 1.4K 

from Figs. 5b and 5c is in excellent agreement with the theoretical value 

T = 1.3 to 1.4K from Part II [2]. 

Another novel effect predicted by EHD nucleation theory and caused 

by the EHD lifetime can be seen by examining the thresholds P for the 

breakup of EHD in Figs. Sa through Sc. As T decreases from 1.64K to 

. -2 -2 1.25K, P_ decreases from 0.35 mW em to 0.22 mW em , a factor of only 

1.6. If P_ were proportional to the saturated vapor density, as is 

the case for ordinary liquids, one would expect P_ to decrease by a 

factor -100 for the same change in T. Thus the measured thresholds 

for EHD breakup differ greatly from those predicted by equilibrium 

thermodynamics below 2K, and the threshold P~ .appears to approach a 

temperature-independent value at the lowest T (see Figs. Sb and Sc). 

These effects are in good agreement with EHD nucleation theory as shown 

in Fig. 3 of Part II [2]~ and are a direct consequence of the finite 

lifetime of EHD. A detailed analysis is given in Section 3.3. 

3.2 Metastable Time Development 

The existence of hysteresis in the luminescence data of the 

preceeding section immediately indicates that the EHD-FE system can 

be in a metastable state for times as long as the 18 sec delay used 

in recording the data. In this section we study the metastable time 

+ development of the EHD signals Id and Id for much longer delays as 

the system approaches equilibrium. Lo, Feldman and Jeffries [10] 
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. . + -
originally found that the signals Id and Id approached each other 

slowly and that hysteresis could be maintained for times as long as 

300 sec. However, they also noted the presence of jumps and irre-

producibility in Id' which we have found were caused by noise in the 

Hg arc lamp excitation they used. We present data below, which show 

+ -that the EHD signals Id and Id vary logarithmically with time as 

predicted by EHD nucleation theory in Part II [2], anq prove that 

metastable states of the EHD-FE system can actually exist for times 

as long as 6 x 104 sec. These conclusions were first presented in 

a preliminary account of this work [4]. 

To study the metastable time development of the EHD-FE system, 

, the excitation was cycled as described above in section 3.1 for either 

+ -the upgoing or downgoing EHD signal Id or Id • However, once the final 

level P was reached, the excitation was.held accurately constant by 

the feedback stabilization system (see Section 2) and the signal Id 

was integrated over successive 8 sec intervals. In this way a plot 

+ -of -the signal Id or Id was obtained vs. the delay At following the 

last change in excitation. 

A plot of data obtained in this manner using volume excitation 

at 1.80K is shown in Fig. 6. -2 The excitation power P = 2.3 mW em 

is the·same for both curves in.Fig. 6, and was chosen just above the 

treshold P+ for the creation of EHD (c.f. Fig. 3). The most striking 

feature of this data is that the system is still far from equilibrium 

after the delay At = 4 x 103 sec. Over this period of time the upgoing 

signal Id+ increases logarithmically with At as shown in the lower 

portion of Fig. 6. This type of time variation is quite unusual in 
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solid state physics, but is predicted by EHD nucleation theory as desc.r'ibed 

in Part II [2]. The logarithmic ,slope dld+/d(log t.t) ~ 2mV/decade of ' 

the upgoing data in Fig. 6 is in goo.d agreement with the rough estimate 

dld+/d(log f.t) "':" 1 mV/decade from nucleation theory. Thus the logarithmic 

variation rd+ with t.t is good evidence for nucleation phenomena. It is 

interesting to, no.te that the apparent risetime ( 10% to 90%) ·of the EHD 

+ 3 signal Id in Fig. 6 is extremely long; ~ 1 x 10 · sec. This value· ls · 

107 times longer than.that expected from the EHD lifetime T
0 
~ 40 JJSec 

alone and. is dramatic evidence for EHD nucleation. The kinettcs of EHD 

nucleation on a much shorter time scale have been studied first in Ge· 

by Staehli [14] and by Bagaev et al. [15] and later tn Si [16,17]. 

The downgoing EHD signal Id in Fig. 6 initially.decreases 

.logarithmically with t.t, but approaches the simpleexponential deperidenc;e 

Id"' exp(-t.t/T) for t.t > 103 set with T ~ 6 x 104 sec, as indicated by 

the solid curve. The initial logarithmic decrease of Id is evidence for 

nucleation; '!lowever, the logarithmic slope dld-/d(logH) ~ ·o.s mV/decade 

from Fig. 6 is orders.of magnitude larger than the theoretical value, 

for reasons that are not clear. The subsequent exponential decay, 

sho~ clearly in Fig. 6, is most likely due to an external mechanism 

which destroys EHD~ The surprising feature of this data is that 

the dest~ction time T ~ 6 x 104 sec for this sample is extremely 

long. Because EHD cannot be supplied with carriers if they move 

Z l mm into the crystal, this evidence indicates that individual. 

dr9ps m~st remain practically immobile under the conditions of this 

_experiment. Recent measurements [ 18] of the time development of the 

spatial distribution of EHD near threshold confirm this result 
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-9 2 -1 ~ and place the upper limit Dd < 10 em sec on the possible EHD 

diffusion constant, five to eleven orders of magnitude smaller than 

previous estimates [19). 

Plots of the signals Id+ and Id- vs time llt for the same sample 

at 1.50K are shown in Fig. 7. As for Fig. 6, the excitation 

-2 P = 0.55 mW em was chosen just above the upgoing threshold, and is 
( 

the same for both curves. Like the data at 1.80K, both the EHD signals 

Id+ and Id- shown in Fig. 7 initially vary logarithmically with llt as 

predicted by nucleation theory. The slope dld+/d(log llt) ~ 0.8 mV per 

decade for the upgoing curve in Fig. 7 agrees reasonably well with 

+' the value did /d(log llt) "'0.4 mV per decade estimated from theory, 

however the downgoing slope dld-/d(log llt) ~ 5 mV per decade from 

Fig. 7 is several orders of magnitude larger than the calculated value, 

as for the data at 1.80K. Thus th~ metast.able time development of 

the EHD-FE system at 1.50K is similar in some respects to that at 

1.80K, and comparable agreement with theory is found. 

A ~triking feature of Fig. 7 not present in the data at 1.80K 

is that the EHD-FE system actually reaches equilibrium at llt ~ 100 sec. 

+ -As shown in Fig. 7, the signals Id and Id join at llt ~ 100 sec, and 

the noise in both signals increases substantially, presumably because 

the system slowly fluctuates about equilibrium. The fact that the 

equilibration time ~ 102 sec from Fig. 7 is very much smaller than the 

time "':" 107 sec at 1 .SOK predicted by nucleation theory in Part II [ 2] is 

a result of.the relatively large slope of Id- not predicted by theory. 

These data illustrate the importance of recording both signals Id+ and 

Id- at a fixed time of observation for comparison with nucleation theory. 
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• 
At: temperatures below ~ 1.3K, EHD nucleation theory predicts that 

hysteresis is entirely absent and that the EHD-FE system is in dynamic 

equilibrium. A plot of the signals Id+ and Id- vs. ~t at 1.25K 

recorded on the same sample as the data above is shown in Fig. 8. 

-2 Again, the excitation power P = 0.37 mW em was chosen just above the 

threshold for the formation of drops. As shown in Fig. 8, the signals 

+ . -
Id and Id at this temperature are equal, as expected from the lack 

of hysteresis in the EHD signal as shown in Fig. 5c for 1.25K. More 

+ importantly, the signals Id and Id in Fig. 8 are accurately constant 

for ~t > 10 sec, indicating that the equilibration time at 1.25K is 

less than 10 sec, and proving that metastability is entirely absent 

for longer times. 

3.3 Free-Exciton Electron-Hole Drop Threshold Phase Diagram 

In this section we present a detailed measurement and analysis of· 

the threshold phase diagram for FE and EHD in ultrapure Ge at temperatures 

between 1.2K and 2.0K, which we believe is the most careful treatment 

of this problem to date. We observe very large deviations from the 

simple phase diagram expected for ordinary liquids, caused by the 

impossibility of attaining thermodynamic equilibrium in the FE-EHD system 

due to metastable effects of the EHD surface tension and the finite 

lifetimes of EHD and FE. 

In this work we use the FE luminescence intensity Ix as a direct 

measure of the peak FE density n. Thus we avoid the approximation 

n « P, which neglects possible changes in excitation efficiency with 

T. For our experimental geometry 
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{l) 

where C is an instrumental constant, 1 = 1.1 mm is the absorption 

-2 length for volume excitation with photon energy hv, P(mW em ) 

is the absorbed excitation power, and Lx and Tx are the diffusion 

-1/4 length and lifetime of FE. Because we expect Lx « T at low T [19], 

we assume that the overall constant of proportionality C(1 + Lx) from 

(1) is nearly temperature independent, a very good approximation. 

' 
The FE density was approximately calibrated at 2.0K by using the 

measured values of the excitation P and the lifetime T x in ( 1) and 

assuming 100% production efficiency for excitons. The actual threshold 

FE densities n+ and n_ used to construct the phase diagram were 

determined using (1) from the FE signals rx+ and Ix measured at the 

respective excitation thresholds P+ and P_. The thresholds P+ and P_ 

._ + 
in turn were extrapolated from the EHD signals Id and Id as indicated 

in Figs. 2, 3, and S. This procedure was repeated at temperatures 

between 1~2K and 2.0K; at higher T the maximum excitation was insuf-

ficient to create EHD. Compared with values obtained by simply assuming 

n « P, the FE density thresholds determined in this manner exhibited a 

steeper temperature dependence, and were smaller by a factor~ 1.5 at 

T ~ 1~3K. Thus the threshold phase diagram determined using this method 

is substantially more accurate than that obtained from excitation 

thresholds alone as in some earlier work [ 4,,5]. 

The meas~red FE-EHD threshold phase diagram obtained in this 

manner is shoWn in Fig. 9 as the data points together with a theoretical 
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fit described below. The qualitative features of Fig. 9 are in 

excellent agreement with EHD nucleation theory as described in Parts 

I and II [1,2] and with the hysteresis data presented in Section 3.1. 

The measured FE density thresholds n+ and n_ shoWn in Fig. 9 display 

a pronounced hysteresis which decreases with temperature and disappears 

below T.:::::: 1.4K. Both thresholds vary only slowly with temperature and 

lie well above the saturated FE density ns Predicted by equilibrium 

thermodynamics, indicated by the dashed curve. Furthermore, the slope 

of the upgoing branch n+ of the phase diagram is substantially smalle~ 

than that of ns' explaining the small values obtained for previous 

"threshold" measurements [8,10,20 to 23] of the condensation energy 

~. From the data of Fig. 9 it is clear that the FE-EHD phase diagram· 

below 2K is dominated by the effects of metastability and the EHD 

lifetime, and that equilibrium thermodynami.cs provides a very poor 

description of the system. Any threshold experiment on Ge below T :::::: 3K 

which neglects these non-equilibrium effects in either the data taking 

procedure or the analysis can be expected to yield inaccurate results• 

in order to make a quantitative comparison of the measured FE-EHD 

phase diagram with nucleation theory a least-squares fit of the thresholds 

n+ and n_ predicted by the theory described in Parts I and II [ 1 ,2] 

to the data of Fig. 9 was made using the EHD surface energy w and the 

condensation energy ~ at T = 0 as adjustable parameters. Because the 

calculated phase diagram is very sensitive to the values of w and 

' 
~,this procedure is an accurate and reliable method to determine these 

parameters. In order to obtain the best fit at the lowest temperatures, 

the temperature-independent evaporation rate cv 213 [19,24] of EHD 

; 
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was also included in the theory, with c as a third adjustable parameter. 

As in Parts I and II [1,2], temperature corrections to these 

parameters were included in the analysis. Because the e-h liquid is 

a degenerate Fermi. system, we expect a = w( 1 - o T2 ) where a is the' 
CJ ' 

surface tension (w is defined to be equal to a at T = 0). We used 

the value o = T - 2 with the critical temperature [25] T 
CJ c c 6.5K. For 

2 the condensation energy we used+ = +
0

(1 + o+T ), where the coefficient 

-2 
0+ = 0.18K has been measured spectroscopically [26]. We also 

incorporated the actual non-parabolic density of states for FE in Ge 

into the .theory. By numerically integrating the dispersion relation 

given for FE in Ge by Altarelli and Lipari [27], we find 

for the effective·density of states between 1K and 5K, where Tis 

expressed in K. This quantity appears in the satur·ated FE density 

ns = Dx exp(-+/kT) [1,2]. As shown in (2), the temperature corrections 

to Dx due to non-parabolicity are small (< 20%) below 3K; the largest 

effect on the calculated phase di~gram is caused by the "improved" 

value m* = 0.436 m for the FE density-of-states effective mass [27] 
0 

vs the value m* = 0.335 m
0 

used previously [ 1,2 ,26]. The values of 

the other parameters used to calculate the phase diagram are those 

given in Table 1 of Part II [2] with the exception of the maximum 

generation rate GM' the observation time t.t, the lifetimes To and 

Tx' and the impurity concentration Ni; for these quantities the 

measured experimental values were used. 

The fitting procedure was carried out for two separate assumptions: 
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homogeneous nucleation of EHD and inhomogeneous nucleation on-neutral 

impurity atoms with the value flljl = SOK for the barrier lowering (see 

Part II [2]). Because the relative accuracy of the FE density 

calibration for n+ and n_ described above is expected to be much better 

(by a factor > 10) than the absolute accuracy, the absolute calibratiori 

was not used in the fitting procedure. Thus the shape of the measured 

phase diagram was accurately fitted; the measured absolute values for 

n+ and n_ were used as a check on the results. The theoretical FE-EHD 

phase diagram obtained by this procedure is shown as the solid curves 

in Fig. 9. The results obtained assuming homogeneous and inhomogeneous 

nucleation differed very-little; the fit obtained assuming EHD formation 

on impurity atoms is slightly better, as we expect from the discussion 

in Section 3.1, and is given in Fig. 9. As shown in Fig. 9, we find 

excellent agreement between the experi!llental·data and the calculated 

curves over the entire_ temperature range of· the measurement. This 

agreement is a strong confirmation of the validity of EHD nucleation 

theory, and provides confiderice in the results obtained for the fit~ed 

parameters wand 4>
0

• Recent measurements of the threshold n+ at 

low temperatures (T > 2K) for Si by Dite et al. [6] also agree reasonably ,...., 

well with EHD nucleation theory as shown in Fig. 4 of Part II [2], 

providing additional evidence for the validity of this approach. Possible 

reasons for the lack of agreement between theory and experiment found· 

by Etienne et a!. [5] are: their use of surface excitation~ their 

assumption that n a P, and the failure to include the term c in the 

analysis. 

The FE density scale in Fig. 9 is that from the theory; the 
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absolute calibration for the data points yields values of n approximately 

four times smaller than those shown. The fit obtained using absolute 

rather than relative values for the data is considerably poorer than 

that shown. Because the accuracy of the FE density calibration is 

not expected to be hetter than a factor -2, we feel that this 

discrepancy is not serious. We note also that the values of n+ shown 

in Fig. 9 are in good agreement with the data of Gershenzon et al. [22], 

calibrated using a different method. 

From the least-squares fit to the measured phase diagram we find 

for the condensation energy ~ 0 at T = 0 and the surface energy"w, 

~0 1.9 + 0.2 meV, (3) 

w = (2.6 + 0.3) x 10-4 erg -2 em (4) 

The fit was sensitive only to the order of magnitude of c; for this 

. 5 -1 parameter we find c..., 10 sec • Hensel et al. [19,24] have suggested 

that the temperature-independent evaporation rate of EHD arises from 

excitations in the e-h liquid caused by the radiative recombination 

of e-h pairs near the surface. The value c- 105 sec-l above corresponds 

to the emission of one FE for each recombination within ~ 15 nm of the 

EHD surface; this length is comparable to the surface thickness ~ 20 nm 

for EHD lending credibility to this model. 

The value of the condensation energy ~ 0 = 1.9 ± 0.2 meV from 

(3) obtained by fitting the phase diagram is in excellent agreement. 

with the most careful spectroscopic measurement [26] ~ = 1.8 ± 0.2 meV, 

and with the theoretical value ~ = 1.8 meV obtained from detailed 
0 



-22-

calculations of the e-h liquid pair binding energy [28] Eg = 5.9.meV 

and the FE binding energy [27] E 
X 

4.15 rneV. Thus we have conclusively 

shown that the long-standing discrepancy [19] between so-called "threshold" 

and spectroscopic measurements of ~ 0 is completely explained by the 

proper application of EHD nucleation theory. This is also the first 

actual measurement of the condensation energy from threshold data which 

include~ metastability and lifetime effects in the analysis. 

·The original calculations [29] for the surface energy yielded values 

typically w ~ 1 x 10-4 erg em - 2 Recently, by including exchange and 

correlation effects in the gradient expansion used in more 'complete 

calculations, Kalia and Vashishta [30] and Rose et al. [31] have 

obtained considerably larger results w = 3.7 x 10-4 erg cm-2 and 

w = -4 2 (2.4 ± 0.5) x 10 erg ern- The first measurements of the 

EHD surface energy were those of Baga.ev et al. [ 321 and Westervelt 

et.al. [3,33]. -4 -2 Bagaev et al. estimated w ~ 1.8 x 10 erg em from 

the temperature dependence of the drop concentration N measured by 

light scattering and absorption; Westervelt et al. [3,33] found 

. -4 -2 . 
w ~ 2.6 x 10 erg ern from measured threshold ratios P+/P_ using 

nucleation theory as described in Part II [2]. Etienne et al. also 

reported two measurements, w -4 2 (1.8 to 2.6) x 10 erg em- from the 

slope of measured thresholds P + vs 1 /T [ 5], and the orde r-ot-magnitude 

estimate w- 3 x 10-4 erg cm-2 from capillary wave resonances of 

EHD [34]. All of the experimental values for w given above rely on 

rather serious assumptions which are not justified~ priori. Thus 

we believe that the measurement of the EHD surface energy 

10- 4 e.rg cm-2 w = (2.6 ± 0.3) x from (4) obtained by fitting the 
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entire FE-EHD phase diagram is substantially ~ore accurate and 

reliable than those previously reported. This value is in good 

agreement with the recent calculations of Kalia and Vashishta [30] 

and of Rose et al. [31] given above. 
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FIGURE CAPTIONS 

Fig. 1. Schematic diagram of the apparatus used for volume excitation 

and detection of the luminescence of EHD and FE in Ge. The 

inserts show the cycles of excitation used (see text). 

Fig. 2. Hysteresis curves for ultrapure Ge. Sample 150D: (NA - ND) 

~ 5 x 1010 cm-3 , p-type, dislocation density -102 cm-2 • 

Fig. 3. Family of hysteresis curves for EHD in ultrapure Ge using 

volume excitation, for various values of P in the downgoing max . 

case as indicated. The thresholds P+ and P_ are shown, and 

the critical excitation Pc is indicated for curve (b) (see 

text). Sample 315: 

density ,... 104 em - 2 • 

9 -3 (ND - NA) ~ 3 x 10 em , n-type, dislocation 

Fig. 4. EHD luminescence intensity obtained by using the cycle of 

excitation shown in the inset as described in the text. The 

signal is recorded during the time interval labelled "add". 

For sample 315 (see caption, Fig. 3) using volume excitation. 

The threshold P_ and the critical excitation Pc are indicated. 

This figure is to be compared with Fig. 3. 

Fig. 5. Hysteresis curves for EHD in sample 315 (see caption, Fig. 3) 

= -2 for a) T = 1.64K, P 4.74 mW em , b) T = 1.45K, max 
-2 2 4.72 mW em , and c) T = 1.25K, P = 1.58 mW em-max 

p 
max 

Fig. 6. Metastable time development of the EHD signal Id at 1.80K 

for sample 315 (see caption, Fig. 3) using volume excitation; 

-2 for both curves P = 2.31 mW em ; P max 
= 4.72 mW cm-2 Note 

the suppressed zero of Id in both curves and the logarithmic 
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time scale for the lower curve. The solid line for the upper 

curve is an exponential fit to the data for 6t > 103 sec 

yielding the time constant T indicated. 

Fig. 7. Metastable time development of the EHD signal at 1.50K for 

sample 315 (see caption, Fig. 3) using volume excitation; 

for both curves P = 0.545 mW cm-2 ; P = 4.72 mW cm-2 • max 

The system reaches dynamic equilibrium at 6t :::::: 102 sec. 

Fig. 8. Time development of the EHD signal at 1.25K for sample 315 

(see caption, Fig. 3) using volume excitation; for both curves 

P = 0.370 mW cm-2 ; Pmax = 4.72 mW cm-2 Note the suppressed 

zeros in the EHD signal. 

Fig. 9. Threshold FE-EHD phase diagram between 1.2K and 2.0K for 

sample 315(see caption, Fig. 3) obtained using volume 

excitation. The measured data points· are proportional to the 

FE luminescence intensity at threshold. The solid lines are 

the results of a least-squares fit of the entire phase diagram 

to the FE density thresholds n+ and n_ calculated using EHD 

nucleation theory (see text). The dashed curve is the 

theoretical saturated FE density ns which describes the phase 

diagram for ordinary liquids in thermodynamic equilibrium. 
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