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Abstract: In this paper, we report a broad investigation of the optical 
properties of germanium (Ge) quantum-well devices. Our simulations show 
a significant increase of carrier density in the Ge quantum wells. 
Photoluminescence (PL) measurements show the enhanced direct-bandgap 
radiative recombination rates due to the carrier density increase in the Ge 
quantum wells. Electroluminescence (EL) measurements show the 
temperature-dependent properties of our Ge quantum-well devices, which 
are in good agreement with our theoretical models. We also demonstrate the 
PL measurements of Ge quantum-well microdisks using tapered-fiber 
collection method and quantify the optical loss of the Ge quantum-well 
structure from the measured PL spectra for the first time. 
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1. Introduction 

In recent years, electronic device speeds have continued to increase with each generation [1]; 
however, the speed of on-chip communications has not been able to keep pace creating an 
interconnect bottleneck for chip performance [2]. Switching from electrical to optical 
interconnects is one possible solution to overcoming this bottleneck, and recent work has 
demonstrated impressive results in the field of Si-compatible modulators [3] and detectors [4]. 
However, an integrated light source for such a system is a major challenge and still needs 
further development. For most of the work in this field, Ge is the material of choice because it 
is Si compatible and it has a direct bandgap located only slightly above the indirect bandgap 
at room temperature. In the past few years, electroluminescence has been demonstrated in 
bulk Ge [5], Ge quantum wells [6] and Ge quantum dots [7]. Furthermore, both optically and 
electrically pumped bulk Ge lasers [8,9] have been demonstrated. However, the threshold 
current density of these demonstrated Ge lasers is extremely high due to the low fraction of 
electrons in the direct bandgap, high Shockley-Read-Hall and Auger recombination rates and 
the large active volume. On the other hand, quantum-well structures have successfully 
reduced the thresholds in lasers based on III-V materials [10]. Thus, here we present an 
investigation of the optical properties of Ge quantum wells including carrier-density 
simulations, photoluminescence (PL), electroluminescence (EL), temperature dependence and 
optical loss of the material. To the best of our knowledge, this is the first time Ge quantum-
well optical loss has been studied for side-coupled Ge quantum-well microdisks. 

2. Simulation 

 

Fig. 1. (a) Sentaurus simulation of the band diagram and quasi-Fermi levels of a Ge quantum-
well p-i-n diode under 0.76V forward bias. (b) Sentaurus simulation of carrier density in the 
same device. 
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We carried out Sentaurus simulations of a Ge quantum-well p-i-n diode. In the intrinsic region 
of the simulated structure, the 10 nm thick Ge quantum well is sandwiched between 100 nm 
thick Si0.2Ge0.8 barriers. The n- and p-type layers are Si0.2Ge0.8 with doping concentration of 4 
× 1018 cm−3. To mimic the band structure of our fabricated devices, we included the effect of 
strain in the bandgap and band-offset calculations by assuming that both the Ge and the 
Si0.2Ge0.8 layers are epitaxially grown on a relaxed Si0.1Ge0.9 layer [11,12]. Very significantly, 
although the conduction-band minima of relaxed Si0.2Ge0.8 are located in Δ-valleys, strained 
Si0.2Ge0.8 on a relaxed Si0.1Ge0.9 layer has its conduction-band minima at L-valleys [13,14]. 
The band diagram in Fig. 1(a) clearly shows that the quasi-Fermi levels are much closer to the 
band edges in the Ge quantum-well region than in neighboring barrier regions. The carrier 
concentrations shown in Fig. 1(b) confirm that the quantum well provides strong carrier 
confinement and that high carrier concentrations can be achieved with relatively low injection 
current. Further calculations show that the Ge quantum-well structure can have >1019 cm−3 
carriers with only 500 A/cm2 injection current, whereas a 200 nm bulk Ge device would 
require at least 7000 A/cm2 to achieve comparable carrier concentrations. 

3. Materials 

Our samples were grown on <100> Si wafers in an Applied Materials reduced-pressure (~5-
100 Torr) chemical vapor deposition (RPCVD) system using silane and germane as the 
precursors and arsine and diborane for dopants. The buffer layers were grown using the 
multiple hydrogen anneal for heteroepitaxy (MHAH) method [15], allowing us to grow high 
quality (smooth, low dislocation density) films using relatively thin buffers, which allows 
easier integration of these devices with an on-chip optical network. The material was grown at 
405 °C and 40 Torr. After two 200 nm SiGe buffer growth/anneal steps, three strain balanced 
Ge/SiGe quantum wells were grown, followed by a 200 nm SiGe cap. The entire growth stack 
is shown in Fig. 2. 

 

Fig. 2. Growth stack for Ge quantum-well diode. 

4. Experimental results 

PL measurements were performed using a 532 nm, 25 mW Nd:YAG laser pump. The 
emissions of the samples were filtered by a 1400 nm long pass filter and detected by an 
InGaAs detector. We compared the PL intensity between a Ge quantum-well sample and a 
bulk Ge sample to determine if the quantum-well structure enhances PL. The Ge quantum-
well sample has three ~14 nm thick Ge quantum wells separated by ~17 nm thick Si0.19Ge0.81 
barriers, and the bulk Ge sample has a 200 nm thick Ge film. The two samples were grown on 
similar Si0.12Ge0.88 buffer growth stacks and thus have comparable material quality. The PL 
results shown in Fig. 3 indicate transition energies of 0.83 eV (~1500 nm) and 0.85 eV 
(~1460 nm) for the bulk Ge sample and the Ge quantum-well sample, respectively. These 
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photon energies imply the photon emission is from the Γ-valley of the Ge material. The cut-
off at 1400 nm is due to the long pass filter in the measurement setup. The PL intensity of the 
quantum-well sample with ~40 nm total Ge thickness is higher than that of the 200 nm thick 
bulk Ge sample. Due to carrier confinement, a significant enhancement of local electron and 
hole concentrations is achieved in the Ge quantum wells, as shown in Fig. 1(b). According to 
the thermal distribution, the ratio of electron concentration in the Γ-valley of the Ge 
conduction band to the total electron concentration in the Ge is roughly constant as the total 
electron concentration changes. Thus, the electron concentration in the Γ-valley of the 
conduction band in the Ge quantum wells is significantly enhanced as well. The radiative 
recombination rate in the Ge quantum wells is enhanced even more because it is proportional 
to the product of the excess electron concentration in the Γ-valley of the conduction band and 
the excess hole concentration in the valence band. As a result, although the total thickness of 
the Ge quantum wells is much less than the thickness of the bulk Ge, the PL intensity of the 
quantum-well sample is higher than that of the bulk Ge sample. Also, a slight blue-shift in the 
emission peak can be observed and is due to quantum confinement and residual unrelaxed 
compressive strain. 

 

Fig. 3. Photoluminescence of Ge quantum wells and thick Ge film. 

We also performed power-dependent EL measurements of Ge quantum-well devices and 
the observed results are consistent with previously reported measurements [6,16,17]. We saw 
super-linear behavior of EL intensity, as well as a red-shift in the emission peak at higher 
injection currents. For EL intensity fitting, in addition to the temperature dependence of the 
thermal distribution considered in [6], we believe the temperature dependence of the energy 
separation between Γ and L valleys, ΔEΓL, should play an important role. Therefore, we 
conducted temperature-dependent measurements to further investigate these phenomena. For 
our temperature-dependent measurements, the device was operated with a constant current 
density of 250 A/cm2 while we varied the temperature of a heating stage beneath the device as 
we took EL spectra. The results shown in Fig. 4 confirm that heating alone can cause both a 
red-shift and higher EL intensity. Further investigation into the emission wavelength shows 
that the overall red-shift is primarily caused by the temperature dependence of the Ge direct 
bandgap which causes a red-shift according to EΓ = 0.89-5.82 × 10−4 × T2/(T + 296) eV, as 
well as the thermal change in carrier distribution which causes a slight offsetting blue-shift. 
We compared our measured results to theoretical predictions of the emission wavelength 
based on those effects with a correction for material strain and quantum confinement, and we 
found the results and the predictions to be in good agreement as shown in Fig. 5(a). Also, we 
found that the higher EL intensity can be attributed to an increased carrier concentration in the 
Γ-valley because of the temperature-dependent thermal distribution and temperature-
dependent ΔEΓL. We calculated the predicted effect on EL intensity due to the two 
temperature-dependent effects using the equation A × exp(-ΔEΓL(T)/kT), where ΔEΓL(T) is the 
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energy difference between the L-valley and the Γ-valley in the conduction band as a function 
of T, and found it to be in good agreement with measured results, as shown in Fig. 5(b). 

 

Fig. 4. Temperature-dependent EL spectra for Ge quantum-well diode operating under 250 
A/cm2 injection current. 

 

Fig. 5. (a) Emission wavelength as a function of temperature for Ge quantum-well diode. The 
red line shows the theoretical shift expected for this material. (b) Temperature dependence of 
EL intensity for Ge quantum-well diode. The red line shows the predicted change in EL 
intensity. 

We also calculated the optical loss in the Ge quantum wells by measuring the PL of 
microdisk structures. The microdisks were patterned by standard optical lithography and dry 
etched ~1.4 µm [18]. A scanning electron microscope (SEM) image of the device is shown in 
Fig. 6(a). The Ge quantum well thickness (~10 nm) of this Ge quantum-well sample is less 
than those used for the PL and EL measurements reported above. We were able to measure 
the PL of the resonant modes using the tapered-fiber collection method shown in Fig. 6(b). 
For these measurements, the sample was pumped from the top using a 980 nm laser operating 
in continuous-wave mode with varying power. The resulting PL shown in Fig. 7(a) was 
collected through the fiber and shows clear resonant modes of the microdisk being excited. 
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Fig. 6. (a) Scanning electron microscopy of a Ge quantum-well microdisk. (b) Top-view 
optical micrograph of measurement geometry for Ge quantum-well microdisk. The micodisk is 
pumped vertically and the coupled fiber extracts the output light from the sides of the 
microdisk. 

We define the optical loss to be the sum of the loss from direct transitions, the loss from 
free carrier absorption and the loss from sidewall scattering. We calculated the upper limit of 
the optical loss as a function of wavelength and pump power using the method proposed in 
[19]. Although this method was originally proposed for Fabry-Perot waveguide resonators, it 
can also be applied to microdisk resonators if we consider the transmissivity T to be 
equivalent to the fiber coupling coefficient and the mode reflectivity R to be 1. Following the 
derivation in [19], we relate the optical loss to the contrast by 
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is the contrast of the resonances. With these equations, we were able to extract the optical 
losses at different wavelengths from the PL spectra, with the results shown in Fig. 7(b). 

Compared to the optical loss at 1530 nm, the optical loss at 1400 nm is decreased by 630 
cm−1 at a pump intensity of 10 mW. We attribute this to the decreased loss from direct 
transitions at 1400 nm since the free carrier absorption and sidewall scattering loss are not 
very sensitive to wavelength in this wavelength range. Furthermore, by comparing the optical 
losses at pump intensities of 10 mW and 60 mW, we find that the loss from direct transitions 
can decrease by a further 350 cm−1 at 1400 nm as the pump intensity is increased from 10 mW 
to 60mW. This is a conservative estimate considering that the free carrier absorption at the 
pump intensity of 60 mW is higher than that at the pump intensity of 10 mW. 
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Fig. 7. (a) Photoluminescence results from a Ge quantum well microdisk at varying pump 
powers. (b) Optical loss for the Ge quantum well microdisk calculated from Fig. 7(a). 

5. Conclusion 

In this paper, we have reported the results of a broad investigation of the optical properties of 
Ge quantum-well devices grown on Si substrates using a thin MHAH buffer. Through 
simulations and PL measurements, we have shown increased carrier densities and enhanced 
direct-bandgap PL from Ge quantum wells at room temperature. Furthermore, our study of the 
temperature dependence of our Ge quantum-well diode shows that we can successfully 
predict the EL peak wavelengths and intensities of our devices based on the models presented. 
Finally, our PL measurements of Ge quantum-well microdisks allow us to quantify the optical 
loss of Ge quantum wells for the first time. These results are crucial in understanding the 
challenges and designing future Ge quantum-well devices for efficient light emission, thus 
bringing us one step closer to achieving a high-efficiency light source for on-chip optical 
interconnects. 
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