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Mid-infrared intersubband absorption from p-Ge quantum wells with Si0.5Ge0.5 barriers grown on a

Si substrate is demonstrated from 6 to 9 lm wavelength at room temperature and can be tuned by

adjusting the quantum well thickness. Fourier transform infra-red transmission and photolumines-

cence measurements demonstrate clear absorption peaks corresponding to intersubband transitions

among confined hole states. The work indicates an approach that will allow quantum well intersub-

band photodetectors to be realized on Si substrates in the important atmospheric transmission win-

dow of 8–13 lm. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943145]

There is a significant interest to develop cheap and prac-

tical detectors that cover the important transmission win-

dows within the mid-infrared (MIR) (3–5 and 8–13 lm

wavelength) to enable on-chip biological and gas sensing

spectroscopic detectors.1,2 Currently, the gold standard for

detection at these wavelengths is mercury-cadmium-telluride

(MCT) due to the inherently large detectivities from inter-

band absorption.3 The disadvantages with MCT are that it is

fragile, has low process uniformity, is not easily integrated

with Si, and the toxic elements have been banned for use in

civilian products in Europe. The InSb gas detectors are now

available in the 3–5 lm window, but the material is fragile

and difficult to process.4

A good candidate for cheap and practical sensors is the

quantum well (QW) infrared photodetectors (QWIPs). Since

absorption can occur from intersubband transitions within

the QW, the absorption can be tuned by adjusting the QW

width, thereby changing the energy of the confined subband

states. This allows the potential to engineer strong absorp-

tion from the normally transparent semiconductors like Si

and Ge in the MIR. QWIPs have been previously demon-

strated with p and n-type SiGe designs.5,6 There has been

only one recent demonstration of intersubband absorption

from a pure Ge QW (n-type).7 The majority of the investiga-

tion into Si compatible QWIPs has been limited to the low

Ge concentration structures. This has been due to the diffi-

culty in growing the high quality Ge rich superlattices on Si,

due to the large lattice mismatch of 4.2% between Si and

Ge.8 Instead of using the �5 lm thick graded buffers, it is

now possible to grow the high quality pure Ge QWs on a

thin (�1 lm) SiGe strain relaxed virtual substrate9,10 using

techniques such as low energy plasma enhanced chemical

vapor deposition (LEPECVD). The benefit of using p-Ge

QWs over p-Si1�xGex QWs for x< 0.85 is that it will pro-

vide larger absorption coefficients, due to the smaller effec-

tive masses for both the heavy hole (HH) and light hole

(LH) bands. In addition, whilst conduction band designs

allow only the TM (z)-polarized intersubband transitions,

the valence band allows both TE (x-y) and TM polarizations

to be observed.8 This arises due to non-parabolicity effects

and therefore strong coupling of the bands, which relaxes

parabolic selection rules.8,11,12 Hence, both surface normal

and waveguide geometry devices can be realized. In this pa-

per, surface-normal p-type Ge QW intersubband absorption

is investigated for a range of QW widths designed by

8-band k.p theory13 and analyzed using Fourier transform

infrared (FTIR) spectroscopy, X-ray diffraction (XRD),

Raman spectroscopy, and scanning transmission electron

microscopy (STEM).

The band energies and confined wave-functions were cal-

culated using a self-consistent 8-band k.p Poisson-

Schr€odinger solver with periodic boundary conditions orien-

tated along the growth-axis and the deformation potentials

from Ref. 13. Fig. 1 presents the calculated band structure for

a 5.4 nm Ge QW and 3.6 nm Si0.5Ge0.5 barriers with a residual

tensile strain of 0.2% in the Si0.2Ge0.8 relaxed buffer. It is

clear that the ground state in the QW is HH1 due to strain

splitting of the HH and LH bands. The HH2 and HH3 are at

roughly the same energy as the LH1 and LH2 subband states,

respectively. For a doping level of 5� 1018 cm�3 within the

QW, the Fermi level at room temperature sits at the HH2

band. Therefore, the HH2-HH3 intersubband transition should

be optically active. A larger doping concentration leads to a

greater population of the HH2 band and should provide a

stronger absorption coefficient.14

The designed Ge QW structures were grown by

LEPECVD on high resistivity Si (100) to reduce free-carrier

absorption from the substrate. A 500 nm thick Si0.6Ge0.4
a)Electronic mail: Douglas.Paul@glasgow.ac.uk
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layer was first grown followed by a 500 nm linear graded

buffer from x¼ 0.4 until x¼ 0.8. Then, an undoped 10 nm

Si0.2Ge0.8 spacer region was grown followed by the evenly

doped active region (NA� 5� 1018 cm�3) consisting of 500

periods of compressively strained Ge QWs (tensile strained

Si0.5Ge0.5 barriers) of 5.4 (3.6), 8.1 (5.4), or 9.2 (6.1) nm

thickness. Finally, another undoped 10 nm Si0.2Ge0.8 spacer

layer was grown, followed by a 20 nm Si0.2Ge0.8 cap region.

The total heterostructure thicknesses range from �4 to 7 lm.

The graded buffer layers and the fully strained state of the

superlattice were observed by XRD. Fig. 2 shows the XRD

spectra for the 8.1 nm QW structure. The Si(004) peak of

the substrate is visible at q¼ 7.365 nm�1 and is used as a ref-

erence. The superlattice fringes are visible with a spacing

that indicates a period of �12 nm. The zeroth-order fringe

at 7.051 nm�1 is matched with the virtual substrate and

indicates an average Ge content of 80% in the active layer

stack. The high quality of the heterostructure is testified

by the narrow peaks in the X-ray diffraction spectra (see

Fig. 2).

Raman spectroscopy was directly performed on the

8.1 nm QW sample by dry etching the cap and spacer

region. With a pump at 532 nm wavelength, this corre-

sponds to a penetration depth of �20 nm; therefore, it

should probe a full period of the active region. There is a

convolution of the Ge-Ge phonon peak for the Ge QW and

Si0.5Ge0.5 barrier, and this is shown within the inset of

Fig. 2. The Ge-Ge line of �302.7 cm�1 for the QW indi-

cates a compressive strain of �0.39%.15 The Ge-Ge, Si-Ge,

and Si-Si phonon peaks (not shown) indicate a tensile strain

of �0.2% for the SiGe barrier.16 This demonstrates that the

Ge rich superlattice structure has been properly strain

symmetrized.

The heterolayer thicknesses were measured by STEM.

The STEM was performed on a probe-corrected JEOL ARM

200F equipped with a cold field emission gun operated at

200 kV. A Gatan GIF Quantum ER energy filter/spectrometer

equipped with a fast dual electron energy loss spectroscopy

(EELS) system was used. The STEM was operated in

the high angle annular dark field (HAADF) mode. The atomic

(Z) contrast image was obtained by the detection of elastically

and quasi-elastically scattered electrons using a HAADF.

Therefore, this is a well suited method for imaging Ge and

SiGe interfaces. The HADDF STEM image in Figs. 3(a)

and 3(b) shows the extremely smooth and abrupt interfaces

between the Ge QWs and the Si0.5Ge0.5 barriers. The false

FIG. 1. A schematic diagram of the calculated band structure for a 5.4 wide

Ge quantum well sandwiched between 3.6 nm Si0.5Ge0.5 barriers. The

squared wave-functions for the lowest energy subband states for the heavy

hole (HH) and light hole (LH) bands are shown.

FIG. 2. X-ray diffraction plot (theta scan) of the 8.1 nm wide Ge quantum

well (QW) structure with 5.4 nm Si0.5Ge0.5 barriers showing the narrow pat-

tern of symmetrical Bragg peaks indicative of long-range periodicity of the

heterostructure. The inset is the Raman spectrum showing the convolution

of the Ge-Ge optical phonon line between the Ge QW and SiGe barrier. For

reference, the bulk Ge phonon frequency is shown (grey dashed).

FIG. 3. (a) A cross-sectional scanning transmission electron microscope

(STEM) image of the 8.1 nm Ge quantum well (QW) structure; it clearly

distinguishes between the layered structure and the capping layer. (b) A

(HAADF) STEM image at 3 � 106 times magnification. Due to the Z2

dependence, the heavier atoms appear brighter because of strong scatter-

ing at high angles while the lighter atoms appear darker. Therefore, the

lighter regions in this image correspond to Ge QWs, and the darker

regions correspond to the SiGe barriers. (c) An elemental map obtained

from EELS spectrum imaging from a different region. Red is Ge, and blue

is Si0.5Ge0.5.
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color HAADF STEM image in Fig. 3(c) reveals that there is

minimal interdiffusion caused during the growth of the active

layers, indicating that the potential barrier for holes is very

steep. False color was added from an EELS analysis. Red in

the image denotes Ge and blue is Si0.5Ge0.5.

The FTIR transmission measurements were performed

on the as-grown QWs in vacuum at temperatures ranging

from 6 to 300 K. The setup consisted of a Bruker IFS66v in-

terferometer and a nitrogen-cooled MCT detector. Blank

chips from the wafers were bonded onto the cold finger of

an optical cryostat aligned within the sample chamber of

the FTIR. The measurements were performed in surface

normal (x-y) geometry with in-plane (TE) light polarization

state defined by the properties of the Michelson interferom-

eter. The electric field component parallel to the growth

axis (TM) was null at all wavelengths before hitting the

sample, but due to the refractive index variation of the com-

plete structure and the backside of the substrate being

unpolished, there will be some scattering that couples some

of the radiation into the TM polarized active transitions,

so both the TE and TM transitions will be observed.11,17

The normalized FTIR absorption spectra at 300 K in vac-

uum for the three different QW widths are demonstrated in

Fig. 4(a). The very narrow absorption peak at �9 lm wave-

length, which is visible in all the spectra, corresponds to

vibrational interstitial oxygen impurities in the Si

substrate.18

The QW design was for a bound-to-continuum transition

from the HH2 to the mixed LH continuum formed from

weakly/unconfined LH2 state that mixes with the HH3 bound

state. The inset in Fig. 4(a) shows the experimental absorp-

tion for the 8.1 nm QW design and the modelled calculation

for an ideal TM and TE polarized light beam. The TM

absorption corresponds to a HH2-HH3 transition, and the TE

absorption corresponds to a LH1-HH3 transition. The model

agrees reasonably well with the experimental peak positions

but at present underestimates the absorption width for all of

the designs. This is due the modelling not being able to

account for broadening effects such as inhomogenous broad-

ening. In Fig. 4(a), there is a clear shift in intersubband

absorption to longer wavelengths for thicker QWs, which is

expected, due to the decrease in intersubband energy level

spacing with the increasing QW width. This illustrates how

the absorption can be tuned by changing the QW widths.

The low temperature (6–200 K) absorption spectra of the

8.1 nm QW structure are demonstrated in Fig. 4(b). In this

instance, the absorption peak from the Si-O interstitial defect

can be used as a temperature reference since it blue shifts

with decreasing temperature and begins to exhibit a narrow

line-width below 10 K,18 which is evident in the 6 K spectra.

It is clear from Fig. 4(b) that as the temperature decreases

the intersubband absorption is increasing. There is a negligi-

ble absorption shift observed with the decreasing tempera-

ture. This arises from how both the band-edges of the

barriers and QWs are changing at approximately the same

rate in energy and produce a negligible change in terms of

the QW depth for both the HH and LH bands.19,20 It is also

evident from the spectra that there is a longer wavelength

absorption peak appearing with the decreasing temperature

at �10.2 lm wavelength. Most likely, the Fermi level enters

the HH1 subband at low temperature, activating the HH1-

HH2 transition. The doping-dependent analysis will be

needed to address this point further.

To further probe the intersubband transitions of the Ge

QWs, the photoluminescence (PL) measurements were per-

formed at 6 K. The QWs were optically pumped using a

continuous-wave solid-state diode laser emitting at 632 nm

with an output power of 300 mW. This corresponds to inter-

band pumping of holes high in energy (�1.96 eV) above the

Ge QW. PL occurs from these holes radiatively transitioning

between the confined subbands. The PL measurements were

operated in step-scan mode, using a 1 kHz optical chopper

and a lock-in amplifier to discriminate against ambient

blackbody. This is especially important in the MIR as ambi-

ent blackbody heating peaks at �10 lm wavelength. As the

PL intensity from the Ge QW intersubband transitions is

expected to be weak (<nWs), then a modulation technique is

required to increase the signal to noise ratio.21 The laser illu-

minates the QWs through an aperture in a parabolic mirror.

The sample emission is then collected by this mirror, which

couples the emission into the FTIR. The photoluminescence

collected is surface normal (x-y). A comparison between the

absorption and PL spectra of the 8.1 nm QW structure at 6 K

is presented in Fig. 5. It is clear that with the PL the longer

wavelength peak is the dominant transition, which might be

FIG. 4. (a) Fourier transform infra-red (FTIR) absorption spectra at 300 K

under vacuum for the as-grown 5.4, 8.1, and 9.2 nm Ge quantum well (QW)

structures. The inset shows the FTIR absorption spectra of the 8.1 nm QW

structure and the modelled intersubband absorption spectra for TM and TE

transitions. (b) Low temperature FTIR absorption spectra of the 8.1 nm QW

structure from 6 to 200 K.
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arising due to the complex nature of the interband pumping

which is used to excite the radiative intersubband transitions.

The PL demonstrates a strong temperature dependence,

above 30 K, there is no measurable PL for either QW struc-

ture due to the increased non-radiative decay rate of the

excited states in the valence band.

In conclusion, intersubband absorption from p-Ge QWs

of different widths designed by an 8-band k.p self-consistent

Poisson-Schr€odinger tool has been demonstrated. The high

quality growth of the Ge QWs has been confirmed through

XRD, Raman, and STEM analyses. FTIR transmission spec-

troscopy displayed absorption peaks corresponding to inter-

subband transitions between subband states within the QW.

The absorption shifts to lower wavelengths for thinner QWs

as expected. In addition, the PL spectroscopy agrees well

with the FTIR data. The work demonstrates surface-normal

intersubband absorption from p-Ge QWs that occurs in the

important atmospheric transmission window of 8–13 lm. It

is envisaged that such designs could produce surface normal

and waveguide coupled photodetectors for spectroscopic

sensing in the MIR.
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