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Intersubband absorption in boron-doped multiple Ge quantum dots
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The intersubband absorption in self-assembled boron-doped multiple Ge quantum dots is observed.
The structures used consist of 20 periods of boron-doped Ge dot layers and undoped Si barriers. The
infrared absorption as a function of wavelength is measured by Fourier transform infrared
spectroscopy using a waveguide geometry. Absorption peaks in the mid-infrared range have been
observed, which are attributed to the transitions between the first two heavy hole states of the Ge
quantum dots. The polarization dependence measurement is used to study the nature of the
transitions. This observation suggests the possible use of multiple Ge quantum dots for infrared
detector application. @999 American Institute of PhysidsS0003-695(99)00702-0

Intersubband transition in quantum confined semiconimoved by subsequently heating the substrate to 930 °C for
ductor nanostructures is a subject of interest both for a fun15 min. The substrate temperature is maintained at 650 °C
damental physics study and for the development of infraredluring the epitaxial growth. The nominal growth rates are 1
photodetectors and lasers. Previously, quantum well stru@nd 0.2 A/s for Si and Ge, respectively. With this condition,
tures and detectors have been studied extensively becausea200 nm undoped Si buffer layer is grown first, followed by
the available mature epitaxial techniques such as molecul&0 periods of thin heavily boron-doped Ge quantum dot lay-
beam epitaxy(MBE) and ultrahigh vacuum chemical vapor ers sandwiched with two 6 nm undoped Si films. The sche-
depositiont™ Compared with two-dimensional quantum matic of a typical heterostructure is shown in Fig. 1. In this
well structures, the intersubband absorption in the zerowork, the sampledA, B and Q with different Ge layer
dimensional quantum dot structures has advantages in opticllicknesses are prepared to study the size dependence of the
applications due to their sharp delta-like density of states, theubband energy. Similar samples without the last Si barrier
reduced intersubband relaxation times and thus lower dete¢with Ge quantum dots grown on the surfaeee examined
tor noises in these nanostructuP€swith the recent success With atomic force microscopyAFM) showing typical base
in fabricating h|gh qua“ty quantum dots by the Stranski_dimenSionS of 420, 450 and 480 A, and helghtS of 40, 45 and
Krastanow growth process in MBE? it is timely to exam- 100 A, for samples A, B and C, respectively. The nonunifor-
ine the intersubband optical transitions of these structuredNity of the dot size is estimated to be10%. The area
Most of the work to date is based on intersubband absorptioflensities of the dots for samples A, B and C are 117,
of electrons of I1I-V based quantum dot structures. For ex-2X 10°, and 2<10°cm?, respectively.
ample, infrared absorption has been reported for charged The infrared absorption spectra of the samples are taken
InGaAs quantum dots for wavelengths20 xm,*° and for at the room temperature using a Fourier transform infrared
doped InAs dots in the range of 10—20m,* respectively. (FTIR) spectrometer. Wavegwde structures qf 10 xnbn
Mid-infrared photoconductivity at around @m has also MM in size are prepared with polished backsides and pol-
been studied for delta-doped InAs/AlGaAs quantum dots forshed 45° facets for the measurement in order to enhance the
subbands to continuum transitioHsTo date, limited work absorption. A beam condenser is used to focus the infrared
has been done in SiGe-based Ge quantum dot structures. The
fact that there is a large valence band offset of the zero-
dimensional Ge/Si system, as well as the small hole effective I
mass, favors the hole intersubband absorption for mid-
infrared applications® Moreover, another key advantage of
the epitaxial Ge quantum dot structures and thus infrared
detectors is the possibility of monolithic integration with the
mature Si signal processing electronics. S R

In this letter, we report the observation of the intersub- 60A Si spacer
band absorption in boron-doped multiple layers of Ge quan- w {
tum dots. The samples are grown using a solid source MBE [ .
system. First, S{100) wafers with the resistivity of 14—22 2000A Si buffer
Q) cm are used as substrates. After a standard Shiraki’s

| 20 periods

. . . Si (100) substrate
cleaning procedure, the substrates are introduced into the
MBE system immediately. The protective oxide layer is re- NN
FIG. 1. Schematic of multiple Ge dots for FTIR absorption spectra mea-
3E|ectronic mail: jilliu@ee.ucla.edu surement.
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FIG. 2. FTIR absorption spectra for samples A, B and C taken at roon¥|G. 3. Polarization dependent absorption spectra of sample A taken at

temperature. Background spectra have been subtracted. room temperature. The decrease of the absorbance with the increasing po-
larizer angle is due to the reduction of the component of the photon polar-
ization along the growth direction.

beam onto the waveguide. An infrared polarizer is placed in

the path of the infrared beam to probe the polarization deE:onsider exciton-like effects as well as depolarization

pe_ndenc_:e of the abso_rption_ Process. A Si substrate WaV&tects!® Thus, the allowed energies in the dot can be evalu-
guide with the same dimensions is used as the reference. ated precisely as follows:

Figure 2 shows the measured absorption spectra of the
samples A, B and C at the 0° polarization an@le., electric 2h2(n2 K2 |2
field having a component in the growth direction as de- E”'k":W(F+F+F
scribed in the following For sample A, absorption peaks are O
found at near 2000 cnt (5 wm) and 1350 cm® (7.4 um),  \where m* is the Ge hole effective mass. The effective
which are attributed to intersubband transitions in the G&nasses used for calculation are or89and 0.044m, for the
guantum dots and the Ge wetting layer, respectively. The fU'heavy and light holes, respectively, andLy are base di-
width at half maximun(FWHM) of the absorption peak at 5 mensjons, whild.; is the height of the dots. For sample A,
wm for the sample A is about 100 meV, and is considerablythe first two terms of the equation are omitted becauge
larger than the intersubband peak width observed in InGaAsinq Ly (42 nm) are much larger thah; (4 nm). The calcu-
GaAs quantum dot superlatti¢e-13 me\).'* The size non-  |ated results show that there are two heavy hole bound states
uniformity of quantum dots is a possible factor. Another rea-zt 78 and 311 meV while there are no occupied light hole
son is that the nonparabolicity of the hole bands can play &ound states. This can be easily understood since the largest
strong role in the broadening of the absorption peaks as Wasossible band offset for the light and heavy holes is the band
observed in the quantum well ca&&:°Similar to sample A, gap difference between the Si and G12-0.67%0.45
absorption peaks are found at 1650 ¢ni6 «m) and 1350 V)€ if we assume the entire band offset is consumed in the
cm™* (7.4 um) for sample B, which are again due to transi- valence band. The ground state of the light hole can only
tions in the Ge quantum dots and the Ge wetting layer, reexist at the top of the Si barrier potential or higher due to the
spectively. For sample C, however, only one absorption peakmall effective mass and small dot size, and there can be no
near 7.4um is found, which is believed to be due to the occupied bound light hole state. The energy separation be-
absorption in the Ge wetting layer. The vanishing intersubtween the first two heavy hole states is 233 meV, which is
band absorption in these Ge dots is due to the large size efose to the measured peak energy of 247 rfem peak.

Ge dots of sample €100 A in heigh, and thus the energy Similar calculation has been done for sample B and the cal-
difference between two hole bound states is too small to beulated energy separation of 184 meV is also close to the
observed in the absorption in the investigated energy rangéneasured peak energy of 205 mé&/um peak. The differ-
beyond which free carrier absorption tends to obscure thence between the observed and calculated energies may
measurement of intersubband transitions. The almost sam@me from the valence band mixing as well as the depolar-
absorption peak position in three Ge wetting layers forization and exciton-like shifts. In other words, the observed
samples A, B and C is due to the fact that the thicknesses efbsorption peaks of 5 and #m are due to the transitions
wetting layers(usually 3—6 A of the samples are about the between the first two heavy hole bound states.

same under almost the same growth conditidosexample, In order to confirm the nature of intersubband transitions
growth temperatupe’® From Fig. 2, all three samples have in the present Ge quantum dots further, the polarization de-
peaks near 1100 and 1450 chwhich are mainly due to the pendence of the intersubband peaks is performed. Figure 3
strong infrared absorption by SjGnd water bands in the shows the polarization dependence of theuB peak of
spectral range of interest. sample A. Here, the 0° polarization angle corresponds to a

The observed intersubband transitions in the Ge dots caB0% component polarized along the growth direction of the
be compared with the calculated subband energies. Here, vatructure, while the 90° polarization angle is defined as being

assume a Ge dot is a simple infinite barrier box, and do noparallel to the plane of layers. The absorption of the Ge
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1.0 tion in multiple self-organized Ge quantum dots. For boron-
R ve—t doped Ge dots, the intersubband transition in the quantum
g o8f A sampien dots has been observed in the midinfrared range, which is
e ‘ quantum well § . L. X
5 attributed to the 'Fr_ansmon between the first two he_avy hole
§ osf a states. The transitions have also been found polarized along
3 = the growth axis of the dots, and the absorption strength de-
T oal creases as the polarization angle increases. The success of
% growth of boron-doped Ge quantum dots and the observation
E o2k of the intersubband transitions suggest that Ge quantum dots
z 1 . may be further developed for mid-infrared detectors.
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