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The photoluminescence from strained SiGe, alloy quantum wells on 100 has been measured
from 6 to 300 K. It is shown that the high-temperature photoluminescence, of &, quantum

wells can be increased by over an order of magnitude by passivation of the top silicon surface.
Through experiments and a model, it is clearly demonstrated that the decay of;th&&i
photoluminescence at high temperature is controlled by surface recombination, not by an intrinsic
property of Sj_,Ge, . By applying proper conditions, nearly constant SiGe, photoluminescence

can be achieved from 77 to 250 K. @94 American Institute of Physics.

Recently there has been great interest in the photolumia liquid nitrogen-cooled Ge detector and argon laser excita-
nescencéPL) of strained Sj_,Ge, alloys on S{100 sub- tion. The pump power density was approximately 0.1
strates as materials for potential light emittéras well as  W/cn?. Figure 1 shows the evolution of the PL spectrum
for characterization purpos&s® While most work has been from sample 1623430% Ge with oxidg as a function of
performed at temperatures in the range 2—10 K, lately thereemperature. In # 6 K spectrum, the $i,Ge, no-phonon
has been increasing interest in luminescence at highdiNP) line and the TO and TA phonon replicas were observed,
temperature$-*°This has been motivated both by the desirewhile no sub-band-gap luminescefceas observed. This is
for high-temperaturde.g., room temperatureemitters and evidence of high quality, uniform material. Note, that only
because luminescence at high temperature has appeared totbe phonon replicas are observed in the nonalloyed Si region
a more severe test of material properties. In this letter, wef the spectra. Above 20 K, the luminescence was due to free
report clear evidence that the luminescence efficiency oexcitond (or an electron-hole plasnfy. In all cases the Si
Si/Si,_,Ge,/Si heterostructures at high temperature is conPL was at least 18 lower in intensity than was the Si,Gg,
trolled by surface recombination rather than by bulkPL in this temperature range, indicating that nearly all carri-
Si,_,Ge, or Si properties. Proper surface passivation carers excited by the pump were collected in the $Ge, well.
increase the room-temperaturg SiGe, PL by an order of Also note that in te 6 K spectrum, the Si TO replica has
magnitude and can lead to,SiGeg, luminescence which is
essentially constant in intensity from cryogenic temperatures
up to 250 K. ' ) T ro

All samples used in this study were grown by rapid ther- 30% Ge W|th 0X|de
mal chemical vapor depositigRTCVD) on 100 mm Si100
substrates. The i, Ge, layers were grown from dichlorosi-
lane (DCS) and germane at 625 °C, and the Si was grown
from DCS at 700 °C. Further details of our growth system
and conditions are available elsewhé&ré@he samples ini-
tially consisted of nominally undoped strained single
Si; _,Ge, quantum wells on an undoped Si buffer and capped
by approximately 25 nm of Si. Sample 1623 contained 30%
Ge and was approximately 5 nm thick, while sample 1539
contained 20% Ge and was 15 nm thick. A piece of each
sample was separately oxidized at 800 °C for 10 min in a wet
oxygen ambient resulting in about 10 nm $i0he samples
were then cleaved, and a portion of each was stripped of
oxide in dilute HF. In this way, the effect of the oxide could
be experimentally separated from that of the thermal treat- 800 900 1000 1100
ment. The samples with oxide will be referred to as 1623a Photon Ener (meV)
and 1539a, while the stripped pieces will be referred to as 0y
1623b and 1539b.

The photoluminescence spectra of each SarﬁtﬁQBa_’ FIG. 1. Five photoluminescence spectra for sample 1638& Ge with
1623b, 1539a, 1539lwas measured from 6 to 300 K using oxide). The pump power density was about 0.1 Wfcm
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100 L . 30% Ge with oxide i 724 is the radiative lifetime in $i,Ge,. AE, is the valence
‘ " SiGe band _off_set petween_ Si and thelsng_( alloy. 75ige IS th(_a
L —0—8i ] total lifetime in the Sj_,Ge_ layer (dominated by nonradia-
= | S SiGe model | tive recombination andg; is the effective lifetime in the Si
= ,E'fpm cladding (buffer layer and cap which is potentially lower
> 10 pog \:_D/D\D o o 3 than the bulk Si lifetime due to surface and interface recom-
< f 3 bination.Wg;g. is the width of the Si_,Geg, layer, andWyg; is
> A - AE, =210meV | the effective width of the Si over which the generated carri-
@ y=18x10° 1 ers can travel. The model assumes that all lifetimes are not a
g 1 TSP EEPRR S NP P TP EPER B function of temperature.
= RN At low temperaturg T<~150 K), nearly all of the car-
- 30% Ge without oxide riers are trapped in the Si,Ge, so that the Si_,Ge, lumi-
%100 B U TR e PO - nescence is much stronger than that of Si, and the absolute
(’]5; - : E intensity is controlled by the lifetime in 8i,Geg, (a weak
I / u SiGe ] function of temperatuje At elevated temperatures, the
- - :E_'fg:ee model Si,_,Ge, PL begins to decay well before a majority of the
i : carriers are in Si because the total number of carriers in the
10 E system decreases due to the very low effective lifetime in the
F W f-o—o—0——0—0 3 Si. y is a measure of the relative lifetimes in thg SiGe,
Cn AE, =210meV ] and the Si, and it is experimentally observed via the position
E/:' y=1.5x10° 1 of the knee in the $i,Ge, PL intensity versus IV curves.
P IS S P WU NI RV B PO BN The Si_,Ge, data of Fig. 2 were fit to the model using
2 4 6 8 10 12 14 16 18 20 22 AE, =210 meV in both cases, which is consistent with the
1000/T change in band gap of 230 meV relative to Si as measured by

PL at 6 K. For the oxidized piecgsample 1623a
y=1.8x10° while for the piece with its oxide stripped

FIG. 2. Integrated photoluminescence intensity as a function of inverséSample 1623f y=1.5x 10°. Of the factors iny, only 7
temperature from samples 162@0% Ge with oxidg and 1623hwithout  could possibly be changed by stripping the surface oxide, so

oxide). The pump power density was about 0.1 Wiem we can interpret these results as changes in the effective
electron-hole pair lifetime in Si. Furthermore, given that the
been cut off so as not to obscure the other spectra. presence of oxide decreasgcby a factor of 8, we can as-

In Fig. 2, we have plotted the integrated Si and SGe, ~ SUMe thatrg; is determined by re_combinat_ion at the top _Si
PL intensities of samples 162380% Ge with oxidg and _surface apd thgt the recombination velocity of thg Si/oxide
1623b(without oxide as a function of inverse temperature. interface is 8 times smaller thgn that of the Si/air |_nterface.
The most striking feature of this figure is the precipitousnUS, we conclude that the high-temperature luminescence
rolloff of the Si,_,Ge, PL at elevated temperatures. The €fficiency in high quality Si/Si.,Ge/Si quantum wells is
“knee” of the curve was clearly pushed to higher tempera-controlled by surface recombination. _
ture (by ~40 K) by the oxide passivated top surface, and the AN analogous expression to E@) for integrated Si PL
Si,_,Ge, PL at high temperature was %Ohigher with oxide ~ INtensity is

than without. The sample with its oxide removed behaved C, 75

similarly to as-grown samples, showing that the surface pas- |s=——=g 7%t —aa- 3

sivation, not the thermal treatment, is responsible for the yreT s

enhanced PL at high temperature. This expression predicts that the Si PL intensity will be con-
A qualitatively similar temperature dependence of Plstant at high temperature when all of the carriers are in Si

from as-grown Si_,Ge, quantum wells with Si cap§i.e.,  and will decrease exponentially at low temperature. The

sharply decreasing intensity at elevated temperathess  measured Si intensity did not go to zero at low temperature,
been observed by several other grolifkand a phenomeno- however, because most of the carriers were created in the Si
logical model of this effect has been presented in Ref. 10sybstrate and cannot achieve their thermal equilibrium distri-
The model is based on thermal equilibrium between the catbution instantaneously. The Si PL of sample 162@dth
riers in the Si and those in the;SiGe, and yields a result oxide) did begin to increase with temperature near 170 K,
for the integrated intensity of the Si,Ge, luminescence, put an unidentified phenomenon not included in our model
I sige: appeared near 250 K and reversed this increase in intensity.
The integrated Si and Si,Ge, PL intensities for
samples 1539420% Ge with oxid¢ and 1539b(without

| sice—= C_lAE T Tf;ge, (1) oxide) were measured as a function of temperature. Their
1+ye 2™ 7gice behavior was qualitatively very similar to that of sample
Appl. Phys. Lett., Vol. 65, No. 26, 26 December 1994 St. Amour et al. 3345
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an order of magnitude stronger than the Si PL. The behavior

2 10°F LA R A L L B at high temperaturéabove 200 K, however, was strikingly
- 30% Ge with oxide ] different. Note that the $i ,Ge, PL knee was pushed out to
B m SiGe | 250 K and that the Si PL intensity increased exponentially
B o S between 200 and 300 K. The high pump power data for
10* 3 ﬁ-—-----r---l """ model |3 Si,_,Ge, and for Si was fit simultaneously to the model with
o ] AE,=210 meV as before, but withy=3.9X10® (versus

1.8x10° at low pump power densily Thus it appears that

Integrated PL Intensity (arb. units

s L Du AE, =210meV i the effective lifetime in Si was increased, and the surface
107 F o y=3.9x10° recombination rate decreased, by a factor of 46 at high pump
. 70y power densityand presumably high carrier concentrajion

I o : While the physical explanation for this dramatic reduc-

S 3 S P U T P P T Y R tion in surface recombination velocity is not clear, surface

2 4 6 8 10 12 14 16 18 20 22 recombination is known to be exponentially affected by band
1000/T bending at surface’$.High carrier concentrations would be

expected to alter the shape of the bands and, hence, could
affect the surface recombination rate, which we have shown
FIG. 3. Integrated photoluminescence intensity as a function of inversesontrols the effective lifetime in Si. Further work is required
temperature from sample 162330% Ge with oxid¢ The pump power to determine the extent of this effect.
density was about 10 W/cm . L
In conclusion, we have definitively demonstrated that the
high-temperature decay of the band-edge photoluminescence
1623 displayed in Fig. 2. Again, the ;Si,Ge, PL from the  from high q'uality Sj_,Ge, quantum wells is determined by
sample with oxide rolled off at a temperature approximatelyrecombination at the top Si surface, not by a property of the
40 K higher than that of the sample without oxide. BecauseSi; - ,Gg, itself, and can be dramatically increased by surface
the Si_,Ge, quantum well was less deep for the samplespassivation. Also, we have shown that the recombination ve-
with only 20% Ge, the knee appeared at lower temperaturdgcity of the Si/oxide interface can be reduced at high pump
and the activation energy of the roll-off was smaller than inpower densities, resulting in undiminished SiGe, PL from
the case of the sample with 30% Ge. The_$Ge, intensi- 77 to 250 K in samples with 30% Ge. Our results suggest
ties were fit to the model using E, =140 meV. Again, the that this limit could be pushed to room temperature by em-
parametery for the piece with oxide was smaller than that Ploying higher Ge content films or by better passivating the
for the piece without(1.0x10* vs 2.0x10P), indicating a top Si surface. ' '
passivated surface. Oxidization reduced the surface recombi- The work at Princeton was supported by the National
nation velocity by a factor of 20 in this sample. Science Foundation and the Semiconductor Research Corpo-
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