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We have investigated optical nonlinearity in beryllium-doped low-temperat(k&)
molecular-beam-epitaxy-grown GaAs/AlAs multiple quantum w@dWSs). The response time of

the nonlinearity is reduced by Be doping in the MQW. While the undoped LT MQW shows a
0.7-0.9 ps response, the response time of the Be-doped LT MQW is as short as 0.25 ps. The
saturation density of the Be-doped MQW is almost the same as that of the undoped MQW, and is
smaller than that of bulk GaAs. These results demonstrate that the Be-doped LT MQW exhibits a
faster response than the undoped LT MQW, and a faster response as well as larger nonlinearity than
LT bulk GaAs. © 2001 American Institute of Physic§DOI: 10.1063/1.1390478

Optical nonlinear materials having an ultrafast photore-ers were grown by standard MBE on semi-insulatigl)
sponse are indispensable in fabrication of optical device§SaAs substrates. The substrate was cleaned by high-
necessary for ultrafast optical information processing techtemperature treatment without As flux in a preparation
nology and ultra-high-speed optical communication. Low-chambeP. The As,/Ga beam equivalent pressure ratio was
temperature (LT) molecular-beam-epitaxy(MBE) grown  5-15, and the growth rate was L.8n/h for GaAs and 1.4
[11-V semiconductors have attracted much attention becausg/h for AlAs. The substrate temperature was monitored by
of the potential for sub-ps response time and large opticain infrared thermometer and the input electric power into the
nonlinearity'=3 In the recent letter, we demonstrated thesubstrate heater, and the temperature was controlled by using
larger nonlinearity of undoped LT GaAs/AlAs multiple quan- & thermocouple placed behind the substrate holder. We grew
tum wells(MQWSs) as compared to bulk GaAs, and reportedfirst a GaAs buffer layef200 nm and then an Al {Ga, /As
their picosecond dynamiésThe obtained minimum re- etch-stop laye200 nm at 560 °C. For the MQW samples,
sponse time was 0.9 ps in the 310 °C-grown MQW, and furthey were followed by a MQW layer consisting of 100 peri-
ther improvement is required. ods of 7 nm GaAs wells and 7 nm AlAs barriers. During this

Beryllium doping has been reported to reduce the reMQW growth, the substrate temperatuilg , hereaftey was
sponse time in LT bulk GaA&Refs. 5 and pand LT InGaAs/  kept constant between 700 and 280°C, and Be was uni-
InAIAs MQWSs.” However, a complex dependence of decayformly doped. For the bulk-GaAs epilayer samples, GaAs
time on the Be-doping level was observed in time-resolvedVith @ thickness of 700 nm, which was equal to the total
photoluminescence in LT bulk Ga&sFurthermore, no pa- thickness of thg GaAs layers in the MQW, was grown instead
per, except Ref. 5, reports Be-doping dependence of th@f the MQW. Finally, a 100 nm AlsG& 7As window layer

magnitude of the optical nonlinearity, though it is anotherVas grown affy. No post-growth annealing was carried out.
important property. In addition, there has not been a puonr optical transmission measurements, the substrate was re-

lished paper describing the effect of Be doping on the dy_moved by wet-chemical etching up to the etch-stop layer.

namics of the nonlinearity in the most fundamental materiaro‘ﬂerhtgat' thﬁ, sur-face dOf this Ia}:jerhwas tr)na}de s?fmewhat
system such as the GaAs/AlAs MQW. In this letter, we stud)fcilug y et 'n%' inor 3r to a\t/0| t Ff[ Fa ryltcﬁtee ect.
the femtosecond dynamics and the magnitude of the nonlin'e‘ n;gasurelmer;‘ N Weiﬁ onbe a rtc_)om emp;era ufreé doned
earity in the Be-doped LT GaAs/AlAs MQW. By comparing |gur7e ,? ows the absorption Spef ra o e-o ope
7.8x10cm %) MQWSs grown atT,=600°C (a), 360°C
the results of the undoped MQW, the Be-doped MQW show. o L9
. . b), and 310 °C(c). Also shown is a spectrum of a Be-doped
a reduced response time and a negligible amount of a slow, 9. 3 ~ g
decay component. Saturation optical density; of the Be- 2x 10°%cm %) MQW grown atTy=280°C in(d). The or-
Y b ' P Wt dinate is absorption coefficient per unit well thickness

doped MQW is the same as that of the undoped one up to t'}%easured at low excitation intensity, and the curves are

modest Be-doping concentration, and it is smaller than th hif - -
ted vertically for clarity. In undoped MQWSs, heavy-hole
of Be-doped bulk GaAs. These results demonstrate the aE I veriea’y 'y In undop Q VY

ind light-hole exciton peaks were clearly obserdeid. 1 in
vantage of the Be-doped LT MQW over the undoped MQWpet 4 Though their peaks are broadened and merged in

and Be-doped bulk GaAs, with respect to the fast responsg qge Be-doped MQWSs, a single peak is still recognized.

time as well as the large optical nonlinearismallFsa).  This shows that the excitonic feature is preserved in Be-
The Be-doped GaAs/AlAs MQW and bulk-GaAs epilay- doped MQWs.

The temporal responses of the optical nonlinearity were
dElectronic mail: okuno@sakura.cc.tsukuba.ac.jp measured by using a degenerate pump—probe technique with
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FIG. 2. Normalized temporal changes of differential transmission. The
(c) samples of curve&@)—(e) are shown in Table I. Curvé) shows the system
repsonse.

(d)
. . times accompanies the induced absorptiai €0),'* which

800 850 900 was also observed in the present Be-doped bulk GaAs to a
Wavelength (nm) significant extent. As shown in Fig. 2 and Table 1, the slow-
FIG. 1. Absorption spectra of Be-doped (%.807cm™3) GaAs/AlAs  decay component or normalizedTl att>1 ps is smaller in
MQWs grown af(a) 600, (b) 360, and(c) 310 °C. Also, shown a spectrum of  the Be-doped LT MQW$(c) and (d)]. This is desirable for
Be-doped (210" cm™%) MQW grown at 280 °C in(d). high-speed and high-repetition-rate optical switching de-
vices. In LT InGaAs/InAlAs MQWs, the shortening of the
200 fs laser pulses from a mode-locked titanium sapphirdifetime by Be doping was ascribed to the formation of com-
laser. The pump beam energy density was QuOkcnf, and plexes composed of Be acceptors and antisitg,Al®nors,
the probe density was-1/5 of the pump? Figure 2 shows which act as the recombination centers trapping both holes
differential transmissiom T normalized to the peak at zero and electrons in the same real spadeis probable that the
delay for undoped MQW#$(a) and (b)], Be-doped MQWs same complexes are formed also in the present Be-doped
[(c) and(d)], and Be-doped bulk GaAse)] as a function of GaAs/AlAs MQWs, and thus the slow-decay component is
time delayt between the pump and the probe pulg$ese suppressed.
Table ). The excitation wavelength was set at around the In order to obtain optical absorption nonlinearity in Be-
excitonic absorption peak for MQWSs and at 860 nm for bulkdoped MQW and bulk GaAs, the excitation-density depen-
GaAs. We define the response timéy the 1£ decay time. dence ofa [apparenta obtained froma= — (In T)/d, where
The response timein undoped MQW are 0.9 and 0.7 ps for T is the transmission and is the thicknesswas measured.
Ty=310°C (a) and 280°C(b), respectively. In these un- As an excitation source, we used the 200 fs pulses. The
doped LT MQWs, the decay dynamics is determined by thavavelength was set around the excitonic absorption peak for
trapping time of electrons to antisite gxﬂsdefects and the MQWs and at 860 nm for bulk GaAs. A low-duty-cycle
following recombination time between the electrons and(1:3000 acousto-optic modulator was used to eliminate heat-
holes! By Be doping with the concentratiohBe]=7.8 ing effects. Incident and transmitted laser powers were mea-
X 10'"cm ™3, the response time is reduced to 0.3 ps in thesured by a calibrated Si photodetector. The size of the exci-
310 °C-grown MQW(c). The fastest decay with=0.25ps tation spot on the sample was 7@m in diameter. The
is obtained in the MQW grown at 280 °C witfBe]=2 excitation densitye was changed from 0.01 to 1Q@J/cnf.
x10%cm3 (d). For 310°C-grown bulk GaAsy was re- The maximumF was limited by sample heating.
duced from 2 pgnot shown to 0.3 ps by Be doping with Figure 3 shows thd- dependence ofxr measured for
[Be]=7.8x 10 cm3[(e)]. In this Be-doped bulk GaAs, the Be-doped (7.& 10" cm~3) MQWs and bulk GaAs grown at
value of the normalized T goes to—0.17 att>1 ps(Table 600 (triangles, 360 (circles, and 310 °C(squares In the
1), which means the presence of induced absorgtion. MQWs (closed symbols « begins to decrease at around 1
In LT bulk GaAs, Be doping is reported to decrease neuwJ/cnt, while the reduction ofx in the bulk GaAs(open
tral antisite A§, and to increase ionized As® The reduc- symbol$ takes place at around 1@J/cnt. In addition, the
tion in 7 shown in Fig. 2 can be ascribed to increased elecmagnitude of the reduction af at the maximumF in the
tron traps of antisite A§, In undoped LT GaAs, it was experimental range is much larger for MQWs than for bulk
reported that electrons and holes are trapped rapidly by poirtdaAs. These results indicate the larger optical nonlinearity of
defects located in spatially separated sites, which induces tHdQWs as compared with bulk GaAs. The data of each curve
following slow recombinatiort! This slow component some- are fitted to the traveling-wave rate-equation model for a

TABLE |. Samples used in Fig. 2. The last column denotes the value of normaliZedhen the signal
becomes almost constarit{10 ps).

Symbol Doping Ty (°C)  Bulk/MQW  7(p9  NormalizedAT att>1 ps
@ undoped 310 MQW 0.9 0.07
(b) undoped 280 MQW 0.7 —0.06
) Be-doped (7.& 10" cm™3) 310 MQW 0.3 0.008
(d) Be-doped (% 10"°cm™3) 280 MQW 0.25 —-0.015
(e Be-doped (7.& 10" cm™3) 310 Bulk GaAs 0.3 -0.17
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FIG. 3. Excitation density dependence of the apparent optical absorptiofi'C: 4- Response time and saturation density, of GaAs/AlIAs MQWs
coefficienta in Be-doped (7.& 10 cm~3) bulk GaAs(open symbolsand plotte7d a}ga|nst growth tempegatuté;g: undoped (M), [Be]=7.8
GaAs/AlAs MQWs (closed symbolsgrown at 600(AA), 360 (O®), and x10"cm™* (@), and[Be]=2x10"cm® (A).

310 °C(Jm). Dashed curves are fits to the data. Arrows show the saturation

densityF ., for each sample, and error ranges are indicated by bars. decrease irr (exceptTy=280°QC, as is shown in Fig. 4. Itis

concluded thatr of the Be-doped MQW is drastically re-
duced while the magnitude of the optical nonlinearity is not
reduced so much. While the 280 °C-grown Be-doped (2
x10¥%cm %) MQW shows a 0.25 ps response time with
large Fqy (50ud/cn?), the 310°C-grown Be-doped (7.8
x10em™3) MQW has r of 0.3 ps with moderate
Feat (13ud/cn?). We should carefully choos&y and[Be]

for obtaining the desired time response and the magnitude of

0.1 1 N
Excitation Density (pJ/cm”)

two-level absorbel?'® We can determineF., and r
=apd/ay, (relative nonsaturable losses, wherey,
=—(InT)/d at F—O0: linear absorption, anda,—
—(InT)/d at F—: nonsaturable absorptiprThe small val-
ues ofF¢,;andr are preferable for large optical modulation.
For the MQWsy is in the range of 0.4—0.7. Nearly the same
values were obtained for MQWSs with higher dopipBe] the nonlinearity.

_ 93 _ ;
=2x10cm>. In Be-doped LT bulk GaAs: is reported to In summary, Be doping shortened the response time of

be decreased by Be doping in the reflection Measur&r . | T GaAs/AlAs MQW down tor=0.25 ps, and the slow-
ments>* However, we did not observe such a decrease fo{jecay component often observed in undoéed LT bulk GaAs
Be-doped bulk GaAs in the present at_)sorptlon measulSyas suppressed. The saturation density of the Be-doped
ments, presumably because of th_e "“_""ta“on of mamedr_n MQW was smaller than that of Be-doped bulk GaAs, regard-
we olkzs;a rvelcli gnl)(; a S(Tg” lLeguilon me\ien at t_he rrrllaxr ._less of the growth temperature. These results demonstrate the
mum = for afl be-toped bu ans samples, as IS shown Insuperior properties of the Be-doped LT MQW for applica-

F'gt'h&t'f_'erfh’ Wl\j a\?\jumed th(tatf]ame Vall:em butlk Ga}As d tions in ultrafast nonlinear optics having a fast time response
as that for the MQW grown at the same temperature, in ordey - " large optical nonlinearity.
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