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We have investigated optical nonlinearity in low-temperatlwE) molecular-beam-epitaxy-grown
GaAs/AlAs multiple quantum well§MQWSs). Minimum saturation intensity, that is, maximum
optical nonlinearity, is observed at around the excitonic absorption peak. The saturation intensity of
the LT MQW is smaller by an order of magnitude than that of LT bulk GaAs. The response time
of the LT MQW is 1/4—1/2 of the LT GaAs, and becomes less than 1 ps, corresponditiy460

of the standard-temperature-grown MQW. These results demonstrate a clear advantage of the
room-temperature excitons in the LT MQW having large optical nonlinearity as well as fast
response time. €000 American Institute of PhysidsS0003-695(00)03627-3

Low-temperature(LT) molecular-beam-epitaxyMBE) The GaAs/AlAs MQW and bulk GaAs epilayers were
grown llI-V semiconductors have found many applicationsgrown by standard MBE on semi-insulati@01) GaAs sub-
in ultrafast all-optical switching;® femto- and picosecond strates. The substrates were cleaned by high-temperature
laser pulse generatidrand high-bit-rate optical communica- treatment without As flux in a preparation chambgfhe
tions systems:® Ultrafast all-optical switching based on the As,/Ga beam-equivalent pressure ratio was 5-15, and the
absorption nonlinearity requires materials with two proper-growth rate was 1.@m/h for GaAs and 1.4um/h for AlAs.
ties, i.e., a fast temporal response of the nonlinear absorptiohhe substrate temperature, which is the most important pa-
and large optical nonlinearity. From this purpose LT GaAsrameter in LT MBE, was monitored and controlled by using
has been extensively investigated, and beryllium doping ané thermocouple placed on the substrate holder, a radiation
annealing, for example, are reported very recently to imthermometer, and the input electric power into the substrate
prove their propertie§® A LT multiple quantum well heater. We grew first a GaAs buffer layer and then an
(MQW) can be considered as another candidate. It is knowfl0.5G&.7As etch-stop layer at 560 °C. In the MQW samples,
that the standard-temperatuf8T)-grown GaAs/A(Ga)As  they were followed by a MQW layer consisting of 100 peri-
MQW shows optical saturation intensity much smaller thanods of 7. nm GaAs wells and 7 nm AlAs barriers. During the
that of the bulk GaAs, which means larger optical nonlinearMQW growth, the substrate temperature was 700 °C in ST
ity of the room-temperature excitons in the MGWHow- ~ growth and 360 or 310°C in the LT growth. For the bulk
ever, LT MBE growth usually brings about high crystal- GaAs epilayer samples, 700 nm GaAs was grown instead of
defect densities, which broadens the excitonic absorptiof1® MQW. A 100 nm A} G As window layer was grown
peak. Due to this difficulty, only a few papers have beer@t 450 °C. All of the epilayers were not intentionally doped.
published so far. They reported on LT GaAs/AlAs MQWSs 1he epilayer was, themm situ annealed at 450 °C for 30 min
exhibiting 15 ps carrier lifetim&® LT InGaAs/InAlAs ~ under As pressure. An effort was made to keep the growth
MQWSs demonstrating 1.5 ps time respofiseT InGaAs/ conqmon constant during the_ course of this study by charac—
INAIAS MQWSs having 27 ps—sub-ps respondésnd LT terizing all of the grown epilayers wnr_] X-ray dlffrgctlon,
InGaAs/GaAs MQWSs having picosecond respori€asev- standard photolumlngscence, and _optlcal absorption mea-
ertheless, there has been no paper describing both the OptiCseﬂrement. Transmission electron microscope measurements

nonlinearity and the temporal response except Ref. 12, o owed flat' hgteromterfaces even in the LT MQW. For op-
tical transmission measurements, the substrate was removed

describing a comparison between the MQW and the bul . )
film. In addition, the wavelength dependence of the nonlin{By wet-chemical etching up to the etch-stop layer. All mea-

. . - . .surements were done at room temperature.

earity showing excitonic enhancement was not described in In Fig. 1, solid lines show spectra of optical absorption
the Iltgrature, -although the .e>_<C|t-on|c property in the .LT per unit well thicknesgmeasured at low excitation intensity
MQW is very important, as it is in the ST MQW. In _th|s of (a) 700, (b) 360, and(c) 310°C-grown MOWSs. In the
letter, by MBE we grow a LT G"?‘AS/AIAS MQW  which 700 °C-grown MQW, sharp and well-separated quantum-
shows clear quantum-confined excitons at room temperatur@y coad exciton peak$heavy-hole (HH) and light-hole
and study both the optical nonlinearity and the picosecond| 1y excitong are observed. This is true also for the 360 °C-
dynamics in comparison with a ST MQW and LT bulk grown MQW. For the 310 °C-grown MQW, the excitonic
GaAs. peaks become obscure, but still are recognized.

For these samples, we measured optical absorption non-
dElectronic mail: okuno@sakura.cc.tsukuba.ac.jp linearity. As an excitation source, 2 ps pulses from a mode-
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peak. Among variou&, « begins to be reduced at the small-

est| at the HH-exciton peaKcircles. We empirically fit
« these circles by an expressiar a1 /(1+1/15) + a5, where
a1 and a, are fitting parameters, anid is the saturation
density?!*15The least-square fitting gives 1.504 (1/14)]
+1.32(x10* cm™1), where 1,=5.6+0.5 uJ/cn?, and is
shown by the dashed line in Fig(a.

In order to obtain the. dependence ofg, we fitted all
data obtained with various by the same expression. The
results are indicated by the dashed lines in Fig),2and the

obtainedl for various \ is plotted in Fig. 1a) by solid
800 830 300 830 8(')0 830 0-001 circles. It is shown thaty becomes small at the HH- and
Wavelength (nm) LH-exciton peaks, andls at the HH-exciton peak is smaller
than that at the LH-exciton peaR This shows large optical
FIC(%j.tﬁ. Absorgtign S?f}ftr?ﬁsondt‘"??s’ saturation cﬁ_nsitie@s, _cirt(;:es), nonlinearity at the exciton peaﬁéfl
o e g o e vl s aine e DA0S TP~ Figure 20 shows thd dependence o at typical fo
and (c) 310 °C-grown MQWs. the 360 °C-grown MQW. Also for this LT MQW, reduction
of a takes place at the smalldsan A =827 nm(HH-exciton

lock Lo hire | Inci eal shown by solid circles. The data were fitted as previ-
ocked titanium—sapphire laser were used. Incident angusly, and the result was 1.094 (1/1)]+1.00

transmitted laser powers were measured by a calibrated Si 1 = 17 X
photodetector. The size of the excitation spot on the samplg>< 10 em ), wherel ;= 8(.)0t0.8 pJlent. " The saturation
was set to 20Qwm in diameter. The excitation densitywvas ensity s is larger by 43% a§ compared W'th the 700°C-
changed from 0.01 to 10@J/cn?. The maximum was lim- grown MQW. Other data at differemt were fitted, and the
ited by sample damage. The spectral width of the 2 ps lasétPt@inedA dependence of; is plotted in Fig. 1b) by the
pulse is 0.3 nm, which is smaller by a factor of 10 than thesolid circles. As is shqwri,S at the LH exciton is comparable
exciton linewidth. The pulse repetition rate was set to 80/ that at the HH exciton. ) _
kHz, because we found that the thermal effect changes the 1Nhe dependence afonl for the 310 °C-grown MQW is
apparent absorption coefficient above 1 MHz at the maxiShown in Fig. Zc). In this sample, reduction af occurs at
mum|. the smallest at \=825 nm shown by the solid circles, which
Figure Za) showsl dependence of measured at vari- is located at the center of the obscured exciton peak. The
ous wavelengths for the 700 °C-grown MQW. As shown in !€ast-square fitting  for 7lthese circles  gives
Fig. 1(@), A=830 nm and\=820 nm are HH- and LH- 1'06[1:1(;“5)]+1'05(-X 10* cm %), where 15=90+30
exciton peak wavelengths and are shown by the solid circlegJ/cn?.>*® The saturation density is larger by more than
and solid squares, respectively, in Figa2 The wavelength 10 than those in the previous two samples. In Fig),he\
A=795 nm is located deep in the band, and832 nm is at dependence df; is shown by the solid circles. As shown in

the long-wavelength-side shoulder of the HH-excitonFigs. Xb) and Xc) for the LT MQW, I becomes minimum
at around the HH- and LH-exciton peaks, even though the

exciton peak structures are broadened by LT growth. This
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3 "-‘0“-‘-@...‘ (a) 700°C fact shows that the optical nonlinearity becomes largest at
u.u“u--.--....:jg_‘ around the excitonic absorption peak even in the LT MQW.
2 PXex KK :hi‘...x._. In order to compare the magnitude of the nonlinearity
i-*-“wo-----vovwov‘o-i%: between the bulk GaAs and the MQW, we tried to measure
1 o 830 nm | s of the bulk GaAs between=870 nm(the band-gap wave-
® 820 X 795 & 832 length and 850 nm. However, reduction w such as that
0 en ' ' N shown in Fig. 2, was not observed in ST or in LT bulk GaAs
~2f ot epa,, B30T in the present experimental conditioh<(100 wJ/cn?).%*°
§ XK X e Ko :x-m‘__x This meand ¢ of the MQW is smaller by at least an order of
© $0ates. . . % magnitude than that of the bulk GaAs, which demonstrates
— L £ A4 4 & SN "-.___' the enhancement of the optical nonlinearity not only in the
Zile 827 x 798 o 829% g ST MQW (Ref. 9 but also in the LT MQW.
38 F m”'. >< . Temporal responses of the MQW and the bulk GaAs
2t "”"""“'K?‘--‘_x“*-- were measured using a degenerate pump—probe technique
(c) 310°C "'~-' with 2 ps laser pulses. The pump beam energy density was
14 "*:-‘8‘2‘%’;(007*9;0:'05;-0--& 0.01 wJ/cnt, and the probe density was1/5 of the pump.
Tl T i The wavelengthh was set to the HH-exciton peak for the
0.01 0.1 1 10 100 MQW and to 865 nm in the bulk GaAs. Figure 3 shows

. R . 2
Excitation Density (UJ/cm’) differential transmissiolAT/T in the normalized scale for

. . . . . the MQW and the bulk GaAs as a function of the time delay
FIG. 2. Excitation density dependence of the optical absorption coefficien .
in (a) 700 °C,(b) 360 °C, andc) 310 °C-grown MQWSs measured at various etween the pump and the prObe beams. We define the re-

wavelengths. Dashed curves are semiempirical saturation fits to the data.Sponse timer by the 1& decay time. In the ST-grown
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optical nonlinearity. It might be due to the degradation of
MQW quality coming from the LT growth. However, this
" increase ofl by a factor of~7 is much smaller than the
360°C GaAs reduction ofr by a factor of~400 (from 340 and 27 to 0.9
ps. We can say that the LT MQW drastically reduces the
response time while it does not reduce the magnitude of the
. o optical nonlinearity as much.
2100 MQW“""“‘?,O:(;‘(”AS In summary, the LT MQW shows a large optical nonlin-
1 . s . NI . earity (small saturation intensity and large differential trans-
-0 010 on' 30( 4)0 50 60 70 mission at around the excitonic peak at room temperature.
1me pss The saturation intensity of the MQW is almost the same,
FIG. 3. Normalized temporal changes of differential transmission. The prowithin a factor of 7, regardless of the growth temperature.
file for the 310 °C-grown MQW shows the time resolution in this experi- The response time of the LT MQW is1/400 of the ST
ment. MQW. In addition, the saturation intensity is smaller and the
) response time is shorter for the LT MQW as compared to the
samples =340 ps was obtained both for the MQW and the| T pylk GaAs. These results demonstrate the advantage of

bulk GaAs. Howeverr of the 360 °C-grown MQW is de- the LT MQW having large optical nonlinearity as well as

creased to 27 ps, whereas that of the 360 °C-grown buligst response time.

GaAs is 100 ps. For the 310 °C-grown MQWi s faster than

the time resolution. When we used 200 fs pulses for the

excitation sources in place of the 2 ps pulsewas obtained 'S. Gupta, J. F. Whitaker, and G. A. Mourou, IEEE J. Quantum Electron.
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