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Midinfrared intersubband electroluminescence of Si /SiGe quantum
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Unipolar intersubband lasers like quantum cascade laser structures might be realized not only in
I1I-V semiconductors but also in Si/SiGe multiple layer structures since no optical transitions across
the indirect band gap are involved. We report on well-defined intersubband electroluminescence
emission of Si/SiGe quantum cascade structures with different active quantum wells parameters.
The complex valence band structure and a nonradiative relaxation rate of about 400 fs were
calculated by multibanét- p formalism including Si/Ge segregation effects. The observed spectral
shift of the electroluminescence peak from 146 to 159 meV is described well by quantum
confinement of the two lowest heavy hole subbands. The electroluminescence observed reveals
transverse magnetic polarization, a spectral line shape that changes with the direction of the current,
and low-energy line broadening with an increase in temperature and current. All these features are
described well by thé&- p model calculation. ©2002 American Institute of Physics.
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Since silicon is the dominant semiconductor in micro-for the experimentally observed asymmetric line broadening
electronics, it would be highly desirable to realize silicondue to in-plane energy dispersion. A calculation of the non-
based light emitters for integrating optical and microelec-radiative scattering rates yields the path of main nonradiative
tronic components on the same chip. In unipolar lasers likgelaxation.
quantum cascade lase(®CL9),! the most important ob- For the band structure calculation we used the param-
stacle to silicon based light emitters—the indirect bandeters given in Ref. 2. Strain in the materials was calculated
gap—is irrelevant, since the radiative transition occurswithin the elasticity theory. Because Ge is known to show
within subbands of the same band. This opens the possibilitjignificant - segregation at growth temperatures above
of realizing a QCL device in silicon—germanium technology. 320 0(_:?'7 we included a two-state exchange kinetic model to
In the Si/SiGe system carriers can be confined in the valencdescribe segregation effects in the actual Ge profile of the
as well as in the conduction band, depending upon the strain/ >/ muléllayers using the parameters determined by
configuratior? However, to achieve confinement potential in Fukatsuet al” We have in addition calculated the depopula-

the conduction band, growth of a relaxed SiGe buffer is nec'-[io;1 timet. of th? hﬁa}/y h?tléHH)zTﬁuib?nd c:]ue to opttigal |
essary, whereas for pseudomorphic growth on a Si substragee OrTﬁSn F|’]? entia scall et”rég' h i. 0 e;|pf OCTO” rt'naﬂzlx el
most of the band offset occurs in the valence band. In thi§ c" (i u ) was evaluated wheie) and|f) denote the

.nitial and final hole states from the p band structure and

case the cascading scheme has to be implemented U189 denotes the deformation potential tensor described in Ref.

holes in the valence ban@/B), in contrast to all existing ST . . .

CLs based on lll—V semiconductors that all empl I 9. The scattering time is obtained by applying Fermi’s golden
? S asz Ot t_ égi EICOt luc ors a fe ploy ehec rule and integrating over all final states. For atomic displace-
ron cascade structures:” Electroluminescence from sucha o .o '\ accimed a weighted allégptica) phonon spec-

SiGe quantum cascade structure grown on Si has recent Yum consisting of Si—Si64.3 meV, Si—-Ge(50.8 meVf and
been demonstrated. Ge-Ge(37.4 me\f modesid ’

_In this letter we present results of SiGe QC structures gy stryctures realize a VB quantum cascade structure
with quantum confinement shift of the electroluminescencg,aseq on a vertical radiative transition from the HH2 to the
peak and detaileld- p model calculations. We have designed 141 ground state within a single quantum well. Figure 1
and fabricated two SiGe quantum cascade structures Withows the band structure of our first struct(d). The layer
varied active regions that reveal wavelengths arount8  thicknesses and corresponding Ge contents are given in the
The peak shift is attributed to the shift of the heavy holerig, 1 caption. Holes are injected from the lowest HH sub-
subband energies by quantum confinement. We did a thogand of the quantum wellQW)7 into the HH2 level of ac-
ough calculation of the Si/SiGe band structure using multitive QW1, where a radiative transition into the HH1 state
bandk- p envelope function theory. This not only allows one should take place. QW2-5 are chosen to form a miniband of
to predict the emission wavelength exactly but also accountiseavy hole levels to extract holes from the HH1 level of the
active well. A minigap for HH as well as for light holgH)
“Author to whom correspondence should be addressed; electronic maiptates prevents the tunneling of holes into continuum states.

ingo.bormann@wsi.tu-muenchen.de To minimize space charge effects, the center layers of the
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FIG. 1. Calculated band structure of sample S1 with an applied electric field |
of 55 kV/cm. Shown are the HH potential, HH stateslid lineg and
LH/SO stategdotted lineg for k,=0. The layer thicknes6!) and Ge con-
tents of the QW and of Si barriers 1-7 are 38/0.4, 23/0, 23/0.43, 18/0,
21/0.43, 20/0, 19/0.43, 22/0, 17/0.43, 24/0, 38/0.24, 24/0, 35/0.21, and 26/0.
The QWSs and barriers 4—6 arex1.0” cm ™2 p doped with boron.

i

FIG. 2. TEM picture at th¢110] pole of sample S1, showing one period of
superlattice region are doped with boron pe=7x10Y  the cascade. The QW numbers correspond to those in Fig. 1. The arrow
cm 3. Our second structures?) is very similar to structure indicates thd001] direction. This is also the growth direction and direction
1, but all wells contain 5% more Ge, the thickness of the” the flow of the current.
active well is slightly decreased and one additional well is
inserted between wells 7 and 1 in order to match the desig

of the cascade. The average Ge contents of 18% and

Y with a linewidth of about 30 meV, in good agreement
with our calculated HH2—HH1 transition energy of 143 meV.
19% (S2) are close to the metastable thickness limit forThe second structure, S2, emits about the same EL intensity,
strain relaxation given by Dodson and Tso but the peak is centered at higher energy of 159 meV. This
The structures were grown on K0 Cr;rg p-doped energy is again in very good agreement with our calculated
(100 Si substrate at 480 °C with a Riber molecular beamtransition energy of 163 meV_. The EL blueshift of S2 is due
epitaxy (MBE) system. The sample consists of 15 cascadd® the stronger quantum conﬁnemen@ of sample S2 caused by
periods. 98 nnp-Si (1x 10'8 cm™3) spacer layers after ev- the reduction in thickness of the active QW B A and the
ery third cascade keep the average strain moderate. The t 70 increase in Ge content in all \_/vell_s. The observed line-
contact consists of 200 nprSi (4x 101 cm~2) and 30 nm width is as low as 23 meV. Polarization-dependent spectra
p*-Si (3x10%° cm3) with evaporated Al/Au films. The show clear transverse magnetitM) polarization as is ex-
second contact is at the back side of the wafer. The sampl&eCtEd from optical selection rules for transitions between

2
were processed intt410 xm)? mesas and a 60° facet was HH subl_)andé_. .
polished close to the mesa to couple out light. We investigated the dependence of the emission spectra

A transmission electron microscogf EM) analysis of on t.h-e cgrrgnt in sample S1. As shown in Figa)the peak
our structures indicates no strain relaxation from dislocation&0S!tion 1s mdepe_ndent of the c_:urrent. The pe.ak brogdens at
or layer waviness in the regions studied. Figure 2 shows Hﬁe Iqw—energy side and th_e mtegra_ted EIT mteniifyg.
high resolution image of S1. The thickness of one perioa4(b)] increases faster than linearly with an increase in cur-
corresponds within 3% to the nominal growth parameters.

The interface roughness of the layers is limited to at most 3 1'4_ T T T T
monolayers. The leading edge of the QWs in the growth 12L J

direction seems to be better defined than the trailing edge a—~ :

was predicted by the segregation mddehd as modeled in
the HH potential in Fig. 1.

Electroluminescence(EL) measurements were per-
formed with a Fourier transform infrare(FTIR) Nicolet
spectrometer using a step scan and lock-in detection techg
nique. Emission was detected by a liquid-nitrogen-cooled<
HgCdTe detector. The samples were mounted in a He-flow
cryostat. The EL measurements were performed with two
adjacent mesas pumped in parallel at a pulse repetition pe

structure 1
- - - -structure 2

sity (pW/meV

riod of 10.7 us at varying duty cycles. 0.2 1
: . 100 150 200 250 300 350 400
Figure 3 shows EL spectra of both structures at a nomi-
nal heat sink temperature of 20 K. The sample’s temperature Energy (meV)

is expected to be significantly higher due to thermal heatingg, 3. spectra of samples S1 and S2 at 20 K with 300 mA current and duty

by current at high duty cycles. Structure S1 emits EL at 14Gycle of 38%. The inset shows the sample emission geometry.
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40 . , S 180 tures, up to 160 K, the peak is still visible but it starts to
sl . L lesomad "o tensiy #4140 broaden towards the low-energy side while the peak height
sol ——300mA ] 20 decreases. These results are also explained well by the dif-
. AL == 450 mA i ferent in plane-dispersions of HH1 and HH2.
E 2ore reverse | 1'% To evaluate the main path that dominates nonradiative
% Joo S relaxation and thus limits the EL intensity, we calculated the
> g hole scattering rates. Our calculations yield an overall de-
2 1%° £ population time of 400 fs for the HH2 state. This time is
£ {40 longer than that found by Kainet al*for a Si,sGe, s QW,
; o~ 12 but it is considerably smaller than typical values of IlI-V
LT b) QCLs!? As indicated in Fig. 5 the HH2 state is scattered
08 I 200 250 54 071 02 03 02 05 08 07 directly to HH1 states with a time constant of 614 fskat
Energy (meV) 1(A) values, where the in-plane dispersigiik,) band is rather

flat in the[110] direction. This makes the HH2—HH1 transi-
FIG. 4. (a) Current-dependent EL spectra of sample S1 and a spectrum gjon faster than the cascaded transition via the(HHi2—LH
reverse bias at 80 Kp) |-V curve and integrated EL intensity. scattering time of 1170 fsin contrast to the situation in Ref.
13.

rent. The low-energy broadening is attributed to radiative  1he!=V characteristic in Fig. @) indicates a voltage
transitions at higher in-plane momenkg around k,=0, ~ drop of about 1.3 V across the quantum casdg@ié) struc-
which result in reduced transition energy according to thdU®: obtained by extrapolating the linear part of the sample
larger in-plane subband dispersion of HH1 compared to thai€Sistance to the voltage axis. This gives the voltage drop
of HH2. Thek- p calculation results shown in Fig. 5 strongly c@used by the nonlinear part of the sample’s resistance. |t
support this. Under reverse bias the EL peak is not observegCTesPonds to a lower limit of the electric field of 24 kv/cm
only a thermal background is visible. This is a strong indi-I" the cascades, which is noticeably smaller than the 55
cation of the intersubband origin of the observed EL in thekV/cm that we used to calculate the band structure. A reason
forward direction. The thermal background in reverse biad®" this might be that holes are able to tunnel into the neigh-
may also give an estimate of the thermal contributions to th&0"Ng QW states even at imperfect cascade alignment due to
EL spectra at large current in the forward direction. It maytn€ thermal population of states at higher kinetic energy or
partially cause the superlinear increase in the total EL inten®@nd bending caused by charge accumulations.
sity with current[Fig. 4(b)]. In summary, we have demonstrated intersubband EL be-
Temperature-dependent measurements with a current Bween HH subband§ in two SiGe quantum cascade structures
300 mA and 37% duty cycle deliver nearly identical spectra?Vith narrow EL emission at 143 and 159 meV. The EL spec-

in the temperature range from 20 to 90 K. At higher temperalr@ depending on the layer parameters, current and tempera-
ture, are described well by the band structure calculations in
k- p formalism.
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