HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 23 6 DECEMBER 2004

Near-infrared intersubband transitions in delta-doped InAs/AlSb
multi-quantum wells

S. Sasa,? Y. Nakajima, M. Nakai, and M. Inoue
New Materials Research Center, Osaka Institute of Technology, 5-16-1 Ohmiya Asahi-ku,
Osaka 535-8585, Japan

D. C. Larrabee and J. Kono
Department of Electrical and Computer Engineering, Rice Quantum Institute,
and Center for Nanoscale Science and Technology, Rice University, Houston, Texas 77005

(Received 26 August 2004; accepted 16 October 2004

Intersubband transitiondSBTS) in narrow INAs/AISb multiple quantum wellsMQWSs) were
investigated for well widthsg, ranging from 5 nm down to 1.8 nm with 10, 20, or 60 periods. In
order to observe a strong ISBT signal, a heavy silicon doping was made in each InAs quantum well.
Delta doping was employed for the narrowest wells to prevent silicon incorporation into the AlSb
barrier layers. As the well width decreased, the ISBT signal of the MQWs decreased. However, it
persisted down td=2.1 nm with a sheet doping density in each quantum well>fl9'2 cm? and

60 periods. The ISBT signal observed fbr2.1 nm was peaked at an energy of 650 and 670 meV

at 300 and 77 K, respectively. These are the highest energy values ever observed for ISBTs in
INAs/AISb MQWSs. ©2004 American Institute of PhysidDOl: 10.1063/1.1833559

The 6.1 A group of semiconductor&aSh, InAs, and tion disappeared fail <5 nm. The absorption coefficient ob-
AISb) is a system for applications in both infrared tained by a simple model is inversely proportional to the
optoelectronicsand high-speed and low power-consumptioneffective mas§.0wing to the strong nonparabolicity in InAs,
electronics. For example, high-speed all-optical switchesthe ISBT signal thus decreases as the well width decreases.
and modulators are possible applications relying on the exRecently, Ohtankt al. have reported ISBTs in doped InAs/
tremely short intersubband relaxation times. Because of thalSb QWSs as narrow as 2.7 niRef. 9 demonstrating the
large conduction band discontinuity between InAs and AlSbadvantageous feature of this material system for optical de-
(~2.1eV), the 6.1 A group offers greater flexibility in de- vices utilizing ISBTs in NIR region. Here, we explored nar-
signing intersubband optical devices operating at a shorteiower InAs/AISb MQWs with a relatively small number of
wavelength range compared to the well-developed GaAgperiods compared to these previous reports in order to obtain
AlGaAs system. For applications to optical communicationsISBTs in the NIR region.
operations in the near-infrargtlIR) region such as 1.5om The InAs/AISb MQWs were prepared by molecular
(0.80 e\j are desirable. Operations at this wavelength ardbeam epitaxy. The structure is grown on(®00) semi-
also advantageous for the realization of all optical THzinsulating GaAs substrate. In order to accommodate the lat-
sources pumped by a compact NIR diode I&ser. tice mismatch between the MQW layer and GaAs substrate,

Due to the small effective mass in InAs, the oscillator a 300-nm-thick GaSb layer, ajim-thick AlSb layer, 15 pe-
strength for intersubband transitioSBTS) is strong. This  riods of GaSkh(6 nm)/AISb (6 nm) superlattice layers, and a
allows one to observe the NIR ISBT in InAs/AISb quantum 200-nm-thick AIGaSb layer were grown as the buffer layer.
wells (QWSs) with a small number of periods, such as 10. ForOn top of the buffer layer, 20 periods of Si-adopted InAs/
comparison, in higher-mass systems such as GaN(Ri&f. ~ AISb MQWs were grown at a substrate temperature of
4) or InGaAs;® as many as 100 QWs may be required t0420 °C. The MQW is composed of InAs quantum wells with
observe the NIR ISBT easily. In addition, the smaller effec-various thicknesses and AISb barrier layers. The InAs well
tive mass allows a wider well width to be used for the sameyjidth, d, was varied from 5 nm down to 1.8 nm, while the
operating wavelength compared to other material systems\|Sp barrier layers were kept constant at 10 nm. The hetero-
This reduces broadening of the ISBT, which is primarily interface between InAs and AlSb was controlled by the shut-
caused by monolayer fluctuations at the interface, and allowg sequence to be InSb bonds. Finally, a 5-nm-thick InAs
greater flexibility in the design of the QW. cap layer was grown to pin the surface Fermi energy at about

We study the well width dependence of the intersubbanghe same energy above the InAs conduction band as the
transitions (ISBT9) in hegvily doped InAs/AISb multiple  Fermi energy deep in the MQWSs. This ensures a uniform
quantum wellfMQWSs) with 10, 20, or 60 periods and re- gjstripution of electrons through the MQW structdfeSince
port that near-infraredNIR) absorption can be obtained in' the |SBT intensity is proportional to the total electron density
narrow quantum wells. In our previous reporttie INAS i the structure, a heavy doping with Si was made in each
quantum well layers were unintentionaI.Iy do_ped. Thenas QW layer. Ford=2.7 nm a 1-nm-thick InAs setback
MQWSs, however, showed n-type cor11duct1c2)n with a totaljayer was formed at each side of the doped region in order to
sheet electron density of the order of 46m™. The ISBT  gjiminate dopant incorporation into the AISb barrier, in

energy increased as the well width decreased and the absompich g Sj atom becomes an acceptor. The central part of the

InAs was uniformly doped. In order to keep the sheet doping
¥Electronic mail: sasa@ee.oit.ac.jp density constant, the Si-cell temperature was adjusted de-
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FIG. 1. Intersubband absorption spectra of INAs/AISb MQWs at 79 K for
samples A, B, C, and D. A large line width broadening is observed for
sample D.

FIG. 2. Measured and simulated XRD spectra for two types of I(1A8
nm)/AISb (5.4 nm MQWs. The top two curves are of MQW with InSb
bonds at each interfagsample B and the lower for MQW with InSb top
and AlAs bottom interfaceesample B.

pending on the well thickness. The sheet electron density in

; 2 —2

each QW is about 2-810* cme Therefore, the total con- gach heterointerface is considered to be critical for the ISBT
centration was a few<10'* cn® regardless of the well jine wigth for this range of.:*In order to check the struc-
width. The sample structures were characterized by X-ray,ra| quality of the MQW structure including the interface
diffraction and intersubband absorption measurements. layer, we grew two types of MQW structures, one with InSh

The ISBT was measured with a Fourier transform infra-pqnqs for both heterointerfacesample B and the other with
red spectrometer as described in Ref. 7. The sample waggy, 4t the top interface and AlAs at the bottom interface in
processed in a mulibounce geometry and the ratio of thghe well (sample §. The thicknesses of InAs and AlSb were
transmission ofp- and s- polarized light(ISBT active and 1 g and 5.4 nm), respectively. The MQWs were grown on top
inactive) was measured. The background was fite ratio ¢ 5 thick AISb buffer layer. X-ray diffractioiXRD) spectra
with  no ~sample. The absorption coefficient IS for the two types of MQW is shown in Fig. 2 together with
—In(transmission ratig, norm_ahzed by the size of the sa_lmple_ simulated XRD spectra for each MQW. In this MQW struc-
and the number of QWs. Figure 1 shows the absorption siggre  the layer thicknesses were designed so that the XRD
nals measured at 77 K for the MQW structurés,5.0, 4.0, heak of the MQW structure is at the same angle as the bulk
3.0, and 2.7 nm(samples A-D. Table | summarizes the a|sph peak when InSb interfaces, i.e., 1-ML-thick InSh inter-
sample structure and total sheet electron density measured i%}ﬂlers are formed at both interfaces. As can be seen in the
van der Pauw method at 77 K. The period of MQW is 20fig e, the zero-order MQW peak coincides to that of AlSb
except for sample 02.7 nm, which has ten periods. In ¢, sample E, while distinct peaks for the MQW and AISb

order to keep the total density constant, the sheet dopinge clearly observed for sample F. This means that the MQW
density per well was doubled for sample D. A strong absorpsryctures including the interface layers of either InSb or

tion due to ISBT is observed for all the structures, althoughy|as are grown in a well controlled fashion even for such
the number of InAs QW layers is relatively small. This is an harrow InAs QWs. The structural integrity of the samples for
advantageous feature of InAs-based MQWs for applicationg,e |SBT measurements was confirmed in the same manner.
to all-optical devices. The highest peak energy obtained for |, order to study the well width dependence of the ISBT

this set of samples was 620 meV in sample D, which i§nensity, we estimated the integrated absorption intensity for

somegwhat lower in energy than the previous report by Ohtaninecira shown in Fig. 1. For the development of optical de-

et al” A large line width broadening is also observed for;ces, the integrated absorption intensity as well as the peak
sample D while a gradual increase in the line width is ob-iytensity is important. The integrated intensity was divided
served for samples between Aand C. The reason for the largg; the sheet doping density for normalization and is shown
line width broadening for sample D will be discussed later. iy rig. 3. There is a rapid reduction in the integrated intensity
It is known that the mobility exhibits ah® dependence for d between 3 and 2 nm. This behavior cannot be well
on the well width d for d<5 nm"*?Interface roughness at explained by a simple model. However, the model also indi-

TABLE |. Sample structure, electron density, and mobility at 77 K in

MQWs. -
3
. . . s 08
Well width, d Setback layer Total density Mobility > L4
Sample (nm) (nm) Period (cm™) (cm™/V s) E 0.6 !
A 5.0 1 20 42¢10° 4150 £ ?
B 4.0 1 20 5.8<10% 2490 204 *
C 3.0 1 20 56108 1190 g
D 2.7 1 10 6.0< 1013 1720 g 0.2 r
E 1.8 -
F 18 . % % 2 3 & 5 e
G 2.1 1.05 20 2. 104 414 Well width (nm)
H 1.8 0.9 20 2.2 104 360
| 2.1 1.05 60 5.5¢ 10* 209 FIG. 3. Integrated ISBT intensity for samples A-D. A drastic reduction in

the intensity ocurrs fod between 2 and 3 nm.
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1.0 were carried out. We also found that subband energy fluctua-
tion due to 1 ML fluctuation of the well thickness is not
enough to explain the broadening. However, the mean free
time obtained from the mobility explains the ISBT linewidth
/\ Ac for the narrowest MQWSs. The mobility value of 209 &i('s
} (sample ) corresponds to the linewidth of 0.2 eV. Therefore,
I \ / \//\\ roughness scattering dominates the ISBT linewidth for nar-
A rowest wells as is previously report&t:* In Ref. 14, it is
)d also reported that the ISBT linewidth is dominated by inter-
0 300 400 500 600 700 800 face roughness scattering while the mobility is much less
Energy (meV) sensitive to the interface roughness. The reason for the good
guantitative agreement in our case is not clear at present.
One possibility is that the doping scheme of the two cases,
doped well for this work and modulation doping for Ref. 14.
) ) ) In conclusion, we studied the well width dependence of
cates that both the sheet doping density and period of MQW,. |sBTs in heavily doped INAs/AISb MQWSs. An ISBT
contribute to the ISBT. A higher doping would lead to energy of 670 meV was obtained foi=2.1 nm at 77 K
multiple-subband occupation. This would reduce the intenWhich is the highest energy ISBT in this material syst’em.

sity of the lowest energy ISBT due to state f'”'ng .bUt' .the Our results indicate that the increasing the number of MQW
higher energy ISBT would have a large ISBT intensity since eriods is more effective than increasing the doping densi
the oscillator strength in higher subband is much stronger.p g ping ty

Intersubband transitions in near-infrared region are indeed! the well for increasing _the I_SBTmtensn_y. The linewidth is
reported taking advantage of the ISBT among higher Subgoverned by the scattering time due to interface roughness
bands in InGaAs/AIAs MQWA.In the next set of samples, [OF the narrowestd<3 nm MQWs.
we increased the doping density per well and the MQW pe-
riod in order to strengthen the ISBT intensity.

Next, we grew three MQW samples G, H, and | with a

>
>

Absorption (a.u.)

FIG. 4. Intersubband absorption spectrum for 60 periods of MQW dith
=2.1 nm(sample ) together with those for samples A, B, and C.
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