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This study conducts a comparative analysis, using non-equilibrium Green’s functions (NEGF), of

two state-of-the-art two-well (TW) Terahertz Quantum Cascade Lasers (THz QCLs) supporting clean
3-level systems. The devices have nearly identical parameters and the NEGF calculations with an
abrupt-interface roughness height of 0.12 nm predict a maximum operating temperature (T,,,,) of
~250 K for both devices. However, experimentally, one device reaches a T,,,, of ~250 K and the other
a T . of only ~134 K. Both devices were fabricated and measured under identical conditions in the
same laboratory, with high quality processes as verified by reference devices. The main difference
between the two devices is that they were grown in different MBE reactors. Our NEGF-based analysis
considered all parameters related to MBE growth, including the maximum estimated variation in
aluminum content, growth rate, doping density, background doping, and abrupt-interface roughness
height. From our NEGF calculations it is evident that the sole parameter to which a drasticdrop in T,
could be attributed is the abrupt-interface roughness height. We can also learn from the simulations
that both devices exhibit high-quality interfaces, with one having an abrupt-interface roughness
height of approximately an atomic layer and the other approximately a monolayer. However, these
small differences in interface sharpness are the cause of the large performance discrepancy. This
underscores the sensitivity of device performance to interface roughness and emphasizes its strategic
role in achieving higher operating temperatures for THz QCLs. We suggest Atom Probe Tomography
(APT) as a path to analyze and measure the (graded)-interfaces roughness (IFR) parameters for THz
QCLs, and subsequently as a design tool for higher performance THz QCLs, as was done for mid-IR
QCLs. Our study not only addresses challenges faced by other groups in reproducing the record T,
of ~250 K and ~261 K but also proposes a systematic pathway for further improving the temperature
performance of THz QCLs beyond the state-of-the-art.

Terahertz Quantum Cascade Lasers (THz QCLs) emit terahertz radiation, bridging the “THz gap™ . Recent
advances include broader frequency coverage, higher power output, and a maximum operating temperature
(Tpay) of ~261 K578, Ongoing research, focusing on temperature performance and innovations, aims to unlock
the full potential of THz QCLs, with a central goal of achieving room temperature performance®". In an
attempt to reach higher temperatures, a series of designs aimed at suppressing thermally activated leakages,
were proposed!®=2. In these schemes, electron transport occurs only within the laser ‘s active levels, thus, a clean
n-level system is achieved, n being the number of active laser levels. One such design was the clean 3-level two-
well (TW) scheme proposed in 2017%!, that reached a T,,,, of ~ 134 K. Other devices supporting clean n-level
systems have also been demonstrated and analyzed*~2. In 2021 another clean 3-level TW design, very similar
to the TW design in Ref.?!, was demonstrated and showed an improved T, of ~ 250 K'!. After some additional
optimization, a similar TW structure with a T, of ~ 261 K was demonstrated in 20238. These last two TW record
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devices achieved portability, relying exclusively on thermoelectric cooling (TEC). However, challenges persist
in achieving portability without sacrificing output power. Reproducing these record T,,,,, values remains elusive
for other research groups and the reasons for this are yet to be identified.

In this paper we perform a comparative analysis using non-equilibrium Green’s functions (NEGF) calculations
of the two TW THz QCLs supporting clean 3-level systems before mentioned. The first device is the TW struc-
ture proposed from Ref.?! that reached a T,,,, of ~ 134 K, namely Device VB0747. The second scheme is Device
G652 from Ref." that reached a T,,,, of ~ 250 K. Both devices support clean 3-level systems as demonstrated by
the negative differential resistance (NDR) signature in their experimental results'"*!. The devices have nearly
identical parameters and the NEGF calculations predict a T,,,, of ~250 K for both devices. Even assuming a pos-
sible mismatch between simulated and experimental results, a temperature difference of ~116 K (from ~ 250 to
~134 K) remains unusually substantial. Therefore, it is unlikely that the simulation results will show such a large
deviation. The main aim of this study is to explore the reasons behind the significant difference in performance
between Device VB0747 and its predicted behavior, especially when compared to Device G652.

In Fig. 1a and b we show the band diagram of Device VB0747*! and Device G652, respectively. The designs
are both highly diagonal GaAs/Al,;Ga,y,As TW schemes with direct-phonon depopulation'?!. Overall param-
eters are similar for both devices. The layer thicknesses are comparable with the exception of the radiative bar-
rier, which affects the oscillator strength but is compensated for by a higher doping density in Device VB0747%'.
Nominal parameters including layer sequences and doping details for both designs can be found in Tables 1
and 2. Both devices were fabricated at the Massachusetts Institute of Technology (MIT) following the same
procedure, however, Device VB0747 was grown at Sandia National Laboratories, while Device G652 was grown
at the University of Waterloo (Table 2).

The fabrication processes for Device G652 are of excellent quality, as evidenced by the device’s ability to lase
at a remarkably high temperature. Similarly, for Device VB0747, the fabrication processes are also of very high
quality, validated by comparing the performance of reference designs to ensure the high quality of the processes.
Additionally, Device VB0747 is the device with the lowest reported oscillator strength (~0.18) that was able to
lase, further substantiating the overall excellent quality of the fabrication processes. This, in combination with
data from other designs, led us to the conclusion that losses in all devices fabricated at MIT following this same
procedure are at around 13.5 cm™, close to the accepted values for metal-metal waveguides of ~ 15 cm™'?7.

(@ i
1
33 .
f -
33.2 ]
AL
o 3.1 /™ 1
c - - 7
s 7228 34
14.2 31 VB0747 at 66mV/module
2.9 : ' .
-20 0 20 40

Position (nm)

(b) r
3.3 ﬂ W
_ |
=32 7
freef . £
§ ST S A L 9
S 3.1 _m/\u>17/ 67
c 19 1.2
w 14.5
-~ AV Y L~ 34 54
| 19 72 J
3 —ri
1 P {34 1
Tas O G652 at 66mV/module
2.9 ’ ’ * ’
-20 0 20 40

Position (nm)

Figure 1. Band diagram of three sequential periods for: (a) Device VB0747%! and (b) Device G652'".
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Expected T,
) (K) (from NEGF Experimental T,
Device Layer sequence (A)* | Al composition (%) | Doping density E;, (meV) | E, (meV) | Oscillator strength | calculations) (K)
Integral doping
38/72/31/142 0f 6.0x 10" cm™2
Xff()z‘{47 354 periods (1.26 x 10" cm;3 in 16 55 0.18 250 134
’ Total thickness 10 um the central 48 A in the
underlined well)
Integral doping
G652 34/72/19/145 0f 4.5%10" cm™2
Ref ! 371 periods (1.5%10 ¢cm™ in the | 16.3 58 0.29 250 250
’ Total thickness 10 um central 30 A in the
underlined well)

Table 1. Main nominal design parameters and devices’ data. *AlGaAs barriers are in bold and the GaAs wells
in roman, the doped layer in the sequence is underscored.

Device | Process details Processing laboratory | Growth laboratory
Metal-metal
(100 A Ta/2500 A Au)
XffOZZ47 Top contact n* layer was removed | MIT Sandia
. Dry etched
Mesa size 150 pm x 1.8 mm
Metal-metal
G652 (100 A Ta/2500 A Au)
Ref ! Top contact n* layer was removed | MIT Waterloo
. Dry etched
Mesa size 150 pm x 1.23 mm

Table 2. Devices’ fabrication and growth parameters.

We can observe in Fig. 2 a graph of the peak gain as a function of temperature for Device VB0747 (green) and
Device G652 (blue). The abrupt-interface roughness height used for both calculations is 0.12 nm, a value that
fits the experimental results of most clean n-level system devices. We can appreciate that the gain remains above
losses for both devices up to a temperature of ~250 K, indicating that the slight differences in the parameters of
the devices are not significant. At low temperatures, the gain is higher for Device G652, this is due to the higher
oscillator strength. The relatively faster decline in the curve for Device G652 is also linked to its somewhat higher
oscillator strength. The oscillator strength in Device VB0747 is slightly lower but is compensated by a higher
doping density*®. The different oscillator strengths can impact the lifetime of the laser levels, contributing to the
observed gain differences between Device G652 and Device VB0747 at low temperatures. A higher oscillator
strength reduces the lifetime of the upper laser level (ULL), whereas a reduced oscillator strength results in a
longer ULL lifetime. The slower decay of the gain in Device VB0747 is in fact a result of its longer ULL lifetime.
We would also like to point out that both lifetimes and oscillator strength are dependent on the bias, however
we performed all our calculations at the alignment bias. The predicted T,,,, is in accordance to the experimental
results of Device G652, but is far from the experimental T,,, reached by Device VB0747 (~ 134 K)?'. As pointed
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Figure 2. Peak gain as a function of temperature for Device VB0747%! (green) and Device G652'! (blue), both
with an abrupt-interface roughness height of 0.12 nm.
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out before, both fabrication processes are of high quality and conducted in the same laboratory following the
same fabrication procedure, hence, the study identifies that the primary distinction between the two devices lies
in the molecular beam epitaxy (MBE) growth.

In accordance with this notion, all MBE-related parameters were investigated, including aluminum content,
growth rate, doping density, background doping density, and abrupt-interface roughness height. By conducting
a systematic study including NEGF calculations, we investigate the MBE growth related parameters, to explain
the observed performance variations. Simulations based on NEGF have been instrumental in analyzing these
structures?®®=*. NEGF is a powerful framework for predicting quantum transport in nanoscale devices, where
coherent tunnelling, interference, and confinement are signiﬁcant31’35. Proven effective in mid-IR QCLs*’, NEGF
also offers valuable insights into THz QCLs, offering detailed information on physical processes, including
incoherent scattering and energy-resolved spectral functions®*°. All scattering mechanisms are considered,
including electron-phonon interactions, electron-electron interactions, and interface roughness scattering. These
mechanisms are all accounted for within the NEGF formalism for simulating quantum transport and optical
gain in QCLs. The self-consistent updating of all scattering mechanisms during the NEGF loop enhances the
precision of our simulations, contributing to the reliability and accuracy of our findings. Our studies have shown
that NEGF simulations generally match experimental results when treating clean n-level systems, where electron
transport is more simplified and occurs exclusively inside active states.

Figure 3 illustrates the temperature-dependent peak gain for Device VB0747, indicating estimated variations
resulting from diverse MBE growth parameters*** as determined through NEGF calculations. Our calculations
were done on Device VB0747 in order to understand the disparity between its experimental and calculated T,
values. It is important to highlight that the considered error exceeded the anticipated margin to assess the worst-
case scenario. The first parameter studied was the aluminum content as shown in Fig. 3a. The aluminum percent-
age in the barriers is calibrated based on the ratio of growth rates between gallium and aluminum. If an error in
the growth rate calibration exists, it would be comparable between gallium and aluminum, and this would ensure
that the ratio is still close to the desired aluminum content. The typical error margins in growth rates based on
multiple calibrations is ~ 3%. For calculations purposes we considered a relatively high error of ~ 7%, this means
that we considered the aluminum barrier content of Device VB0747 to be 30% +2%. While the expected T, with
30% aluminum is ~ 250 K, a lower aluminum content of 28% would mean a Ty, of ~280 K and increasing the
content to 32% aluminum would result in a T,,, of ~ 200 K. These variations would not explain the very low T,,,,
of ~134 K observed experimentally. We believe that in this specific case, reducing the aluminum content in the
barriers enhances the injection coupling, leading to better performance. Further reducing the aluminum content
could not only enhance the injection coupling even more but may also reduce interface roughness (IFR) scatter-
ing. Both potential optimizations are promising areas for further research. Carrier leakage into the continuum
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Figure 3. Peak gain as a function of temperature for Device VB0747%' for estimated maximum variation in (a)
Al content, (b) growth rate, (c) doping density, and (d) different background doping, all with an abrupt-interface
roughness height of 0.12 nm.
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is another factor that needs to be considered when reducing the potential barrier heights'>'#-*. Understanding
the complexities involved requires additional investigation to be fully comprehended.

The next variable that was studied was the total period thickness, the results are present in Fig. 3b. Correction
factors for gallium and aluminum effusion sources in MBE growth are determined through reflection high-energy
electron diffraction (RHEED) oscillations on a GaAs calibration wafer. Preliminary Ga(Al)As/AlGaAs superlat-
tice structures aid in calculating these correction factors, addressing errors in growth rate calibrations. X-ray
diffraction (XRD) measurements further refine the correction*?. These correction factors account for errors in
growth rate calibrations stemming from the physical positions of the effusion cells in the MBE reactor and are
applied to rates used in QCL growth. The process includes further adjustments based on XRD period thickness,
assuming any deviation is related to the total period thickness rather than composition. This two-step correction
method ensures precision in achieving the desired QCL structure. Additionally, in our devices, any sample that
shows an error in the structure periodicity measured by XRD of more than +1.5% is discarded and regrown.
This relates to both Ga and Al growth rates. This minimal error in structure periodicity measured by XRD also
addresses a potential deviation in the atomic fluxes through the duration of the growth. Our simulations had a
growth rate error of +3%, which is exceptionally large given the process’s precision. When considering a growth
rate of 3% more than the calibrated value, the results were almost identical to the designed scheme, resulting in a
Tinax Of ~ 250 K. With a 3% decrease in growth rate, the T;,, reached ~290 K. While the temperature performance
increased when the growth rate was underestimated, an overestimation of the growth rate would not explain the
low experimental T, observed for Device VB0747.

In Fig. 3¢ we present the gain curves resulting from the variations in doping density, the designed doping
density was of ~6.0 x 10" cm ™. For calibrating the doping density, we perform a range of Hall measurements
before starting a growth campaign. This involves growing multiple samples with a doped GaAs layer (different
doping in each sample) followed by the execution of Hall measurements. These values are then verified before
starting a QCL campaign and usual error values for doping density are ~ 15-20%. For our calculations we con-
sidered an elevated error margin of ~ 33%, which implies that we estimated the doping density of Device VB0747
to be 6.0x 10" cm™+2.0x 10'® cm™2. The variations in T, here were even lower than when considering the
aluminum content or growth rate, the T,,,, for the nominal 6.0 x 10'® cm™ doping density value was ~250 K
while for 4.0 x 10" cm™ the resulting T,,,, was ~257 K and for 8.0 x 10'° cm™ it was ~ 215 K.

The next parameter we considered was background doping (Fig. 3d). The background doping is measured
using gallium effusion cells before each campaign by growing a 19 um-thick GaAs layer on semi-insulating GaAs
substrates and performing Hall measurements. In our growths, background doping values normally range from
2.0x 10" cm™ to 1.0 x 10 cm™, ideally the background doping would be at least an order of magnitude (if not
more) below desired doping concentration in the QCL active region. However, a higher value may be expected
during characterization done with dynamic SIMS (Secondary Ion Mass Spectroscopy) due to the diffusion of
the dopants from higher doping areas and may not reflect the actual background doping. For our calculations,
as priorly stated, we are considering the worst-case scenario, hence the values we took for the NEGF calculations
were of 5x 10 cm™, 5% 10'° cm™, and 1 x 10'¢ cm™2. The resulting T,,,, values did not vary much yielding values
in the range of ~ 240 to 250 K for all cases.

Figure 4 presents the peak gain as a function of temperature for Device VB0747. It compares the expected
performance with the designed parameters (shown in green) and a worst-case scenario (in purple). In this worst-
case scenario, we consider the highest errors in all MBE parameters: 32% aluminum content, a + 3% growth rate,
8.0% 10" cm™ doping density, and background doping of 1 x 10" cm™>. It is essential to highlight that these errors
are intentionally set at very high levels, and the chance of all of them happening together is quite unlikely. Even
under these extreme conditions, the simulation suggests a T, of ~ 180 K. Although this T,,,, is significantly
lower than the expected ~ 250 K, it still surpasses the experimental T, ,, obtained for Device VB0747 (~ 134 K).
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Figure 4. Peak Gain as a function of temperature for Device VB0747?! with designed parameters (green) and
worst-case scenario (purple), considering 32% Al content, + 3% growth rate, 8.0 x 10'° cm™ doping density and
background doping 1% 10'® cm™, both with an abrupt-interface roughness height of 0.12 nm.
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From Figs. 3 and 4, it is evident that none of the investigated parameters account for the disparity between
expected and experimental results for Device VB0747. Figure 5 introduces gain curves as a function of tem-
perature, considering variations in another parameter, the abrupt-interface roughness height**-**. Without per-
forming Atom Probe Tomography (APT)%*#”#% we cannot definitively determine whether the interfaces are
graded or abrupt. However, for simplicity, we assume abrupt interfaces in our present research. For that reason,
our study shows mainly trends, as there is no experimental evidence that the THz QCLs interfaces are abrupt
without performing APT. In Fig. 4 we can see that while considering an abrupt-interface roughness height (A)
of A=0.12 nm results in a T ,, of ~250 K, an abrupt-interface roughness height of A=0.23 nm significantly
reduces the T,,,, value to ~ 135 K. The in-plane roughness correlation length was set as constant, and its value
is A =8 nm throughout all our simulations*. The T,,,, values align with the experimental result obtained for
Device VB0747, meaning that variations in interface roughness, even at the atomic layer level, significantly impact
device performance. It is important to emphasize that interfaces with an abrupt-interface roughness height of
A=0.23 nm are still considered sharp interfaces. Roughness heights around a monolayer, such as A =0.2825 nm
for GaAs/AlGaAs, have been widely accepted*>*. These parameters are correct, as mentioned, when assuming
abrupt interfaces. However, for graded interfaces the values may differ and two additional IFR parameters have
to be considered*”. For example, for mid-IR QCLs, graded interfaces have been obtained with 0.40 nm width
and a roughness height of just A=0.11 nm*".

To further understand the implications of the variations in the IFR, in Fig. 6 we present a graph of gain as a
function of photon energy at a temperature of 10 K for Device VB0747, considering abrupt-interface roughness
height values of A=0.12 nm and A=0.23 nm. From the results we can see that even at low temperatures, the gain
is significantly lower by a factor of almost 2 (~ 16 cm™ as opposed to ~28 cm™). Also, there is additional gain
broadening. The full width at half maximum (FWHM) for the calculations corresponding to an abrupt-interface
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Figure 5. Peak gain as a function of temperature for Device VB0747*' with abrupt-interface roughness height
of 0.12 nm (green) and of 0.23 nm (yellow).

30 : T T
~#=|FR with A=0.12 nm Peak Gain 28 cm™
IFR with A=0.23 nm

—20r
£
L,
§ f 8.8 meV

10

/
0 4 / i : "
0 5 10 15 20

Photon Energy [meV]

Figure 6. Gain as a function of photon energy for Device VB0747%! at bias voltage 66 mV/module with abrupt-
interface roughness height of 0.12 nm (green) and 0.23 nm (yellow).
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roughness height of A=0.12 nm is of ~ 8.8 meV, while for the calculations corresponding to an abrupt-interface
roughness height of A=0.23 nm the FWHM is of ~ 9.3 meV, meaning that the additional gain broadening is of
~6%.

One of the factors that may affect the gain parameters is line broadening, hence, the spectral functions of
the three active laser levels were analyzed. We present in Fig. 7 the spectral functions of these levels for Device
VB0747, depicted in Fig. 7a without considering IFR, in Fig. 7b with an abrupt-interface roughness height of
A=0.12 nm, and in Fig. 7c with an abrupt-interface roughness height of A=0.23 nm. The FWHM indicated in
each figure demonstrates a slight increase in line broadening as the values of IFR rise. All levels behave similarly,
so any of them can be taken as a representative level. If we take for example the upper laser level, the FWHM
in Fig. 7a is ~13.3 meV while in Fig. 7b is ~15.5 meV, ~ 17% broader, and in Fig. 7c the value of the FWHM
goes up to ~ 18 meV, which is 35% broader than in Fig. 7a (~ 16% broader than in Fig. 7b). From these results
we conclude that the light changes in the abrupt-interface roughness height cause an increased line broaden-
ing, which may partially explain the gain decrease and consequently poor temperature performance. Previous
studies®>*>** support our findings, showing the significant influence of IFR scattering on GaAs/Al Ga,_ As
THz QCLs. Reference* emphasizes that narrower wells cause greater linewidth and gain broadening. Despite
this, the importance of quantum wells thinner than 35 monolayers in reducing thermally activated leakage into
excited states is highlighted. Therefore, given our adoption of narrow wells to achieve a clean 3-level system,
these conclusions directly apply to our devices. A more significant factor than line broadening affecting the gain
and maximum QCL operating temperature is likely intense IFR-triggered non-radiative leakage. The IFR scat-
tering rate is a strong function of A and is proportional to the square of the conduction-band offset, which is
significant for state-of-the-art THz QCLs. One possibility is IFR-triggered non-radiative leakage from the upper
laser level to the lower laser level, which could explain the inferior performance. However, there is currently
insufficient experimental or theoretical evidence in the literature to support such a mechanism. Alternatively,
carrier leakage triggered by intense IFR scattering rate has been observed in mid-IR QCLs***, with the leakage
being a shunt-type current through at least one excited state. Then, assuming for simplicity one high-energy
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Figure 7. Spectral functions of the ground levels for Device VB0747%! (a) without IFR, (b) with abrupt-
interface roughness height of 0.12 nm, and (c) with abrupt-interface roughness height of 0.23 nm. FWHH
included in each figure.
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state, a clean 4-level system will need to be used for device analysis; that is, include one high-energy excited state
through which shunt-type current occurs, similar to what was recently done for the multi-band NEGF model
employed for mid-infrared QCLs".

Based on the obtained results, it can be concluded that subtle variations in the abrupt-interface roughness
height lead to substantial effects on the performance of THz QCLs. The T, values turned out to be particularly
sensitive to the changes in IFR, as opposed to the variations in other parameters that did not lead to a substantial
impact on T,,,,. Minor changes in abrupt-interface roughness height contribute to an increased line broaden-
ing and a decreased gain, ultimately resulting in diminished temperature performance and indicating that even
marginal deviations at the atomic layer level can significantly affect the laser levels characteristics. The observed
sensitivity of the THz QCLs to such slight modifications underscores the critical role played by IFR in determin-
ing temperature performance. The systematic comparison between two devices with nearly identical parameters
but grown at different MBE laboratories provides valuable insights into the sensitivity of these structures to IFR.
The NEGF calculations proved instrumental in understanding the impact of various MBE-related parameters.

Additionally, the observed disparity in T,,,, between the two devices, despite high-quality fabrication pro-
cesses, points to the need for a deeper comprehension of MBE crystal growth conditions. Achieving reproducible
and high-performance THz QCLs necessitates careful optimization of MBE growth, with particular attention to
maintaining high interface sharpness. Achieving interfaces sharper than those described may pose a significant
challenge, however, if accomplished, it holds the potential to surpass previous records in THz QCL temperature
performance. Interface engineering, for example, by using graded interface modelling, as has been done effec-
tively for mid-IR QCLs**", is another suggested option for interface optimization. Although the use of graded
interfaces proved to be beneficial for mid-IR QCLs, it is crucial to acknowledge the need for specific investiga-
tions tailored to THz QCLs. We suggest APT*® as a path to analyze and extract the IFR parameters, in order to
reduce IFR scattering and substantially improve the performance of THz QCLs, as done for mid-IR QCLs".
Additionally, once optimized interfaces are indeed achieved, engineering of the doping density, its spatial loca-
tion and its profile may lead to even higher temperatures®. This study contributes not only to the fundamental
understanding of THz QCLs but also provides practical guidance for researchers aiming to further enhance the
temperature performance of these devices.

Another path for future improvements is reducing the layers’ thicknesses, enhancing this way the injection
coupling. As demonstrated in our results with a 3% decrease in growth rate, the T,,,, reached approximately 290
K, indicating the potential for achieving room temperature performance.

In conclusion, our study highlights a significant performance gap between two TW THz QCLs supporting
clean 3-level systems with nearly identical parameters. Despite NEGF calculations predicting a T,,,,, of ~250 K for
both devices, experimental results show one device reaching this T,,,,, while the other peaks at only ~ 134 K. The
very similar design parameters and high-quality fabrication processes, as confirmed by reference devices, point
to MBE growth as the distinguishing factor. Our detailed NEGF-based analysis scrutinized various MBE-related
parameters, revealing that minor differences in interface roughness significantly impact device performance.
This study identifies the critical parameter still limiting the temperature performance of THz QCLs, overcom-
ing this limitation would require extremely precise MBE crystal growth conditions. Experimental work, using
techniques like APT, is needed to better understand interface structure and optimize interfaces. In addition,
doping engineering could potentially enhance the temperature performance of THz QCLs but only after opti-
mized interfaces are achieved®. Our study not only addresses challenges faced by other groups in reproducing
the T, of ~250 K and ~261 K but also proposes a systematic pathway for further improving the temperature
performance of THz QCLs beyond the state-of-the-art.
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The datasets generated and/or analysed during the current study are available from the corresponding author
upon reasonable request.
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