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The external performance of quantum optoelectronic devices is governed by the spatial profiles of electrons
and potentials within the active regions of these devices. For example, in quantum cascade lasers (QCLs), the
electric field domain (EFD) hypothesis posits that the potential distribution might be simultaneously
spatially nonuniform and temporally unstable. Unfortunately, there exists no prior means of probing the
inner potential profile directly. Here we report the nanoscale measured electric potential distribution inside
operating QCLs by using scanning voltage microscopy at a cryogenic temperature. We prove that, per the
EFD hypothesis, the multi-quantum-well active region is indeed divided into multiple sections having
distinctly different electric fields. The electric field across these serially-stacked quantum cascade modules
does not continuously increase in proportion to gradual increases in the applied device bias, but rather hops
between discrete values that are related to tunneling resonances. We also report the evolution of EFDs,
finding that an incremental change in device bias leads to a hopping-style shift in the EFD boundary - the
higher electric field domain expands at least one module each step at the expense of the lower field domain
within the active region.

ince the inception of terahertz (THz) quantum cascade lasers (QCLs) in 2002', the past decade has

witnessed momentous progress in the development of compact semiconductor THz coherent sources>**.

Several THz QCL devices have been demonstrated, based on different quantum active region designs,
including chirped superlattice (CSL), bound-to-continuum (BTC), resonant-phonon (RP) and indirect-pumping
(IDP) schemes®>*. Significant effort has been placed on improving device performance, not only through opti-
mized active region design, but also innovative waveguide engineering, high-quality molecular beam epitaxy
growth and advanced device fabrication techniques. Lasing frequencies ranging from 1.2 to 5.2 THz"® were
measured from THz QCLs in the absence of a magnetic field. Broadband lasing” and continuously-tunable
lasing' of THz QCLs have also been demonstrated. The maximum lasing temperature of THz QCLs has
significantly improved''~'® over the last decade and output power has now reached to 470 mW in pulsed mode'”.
Mode-locked THz QCLs"®, THz QCLs with large wall plug efficiency", photonic crystal THz QCLs*’, THz QCLs
with low divergence emission beams*"** have been realized. More recently, broadly-tunable terahertz generation
based on difference frequency generation in the cavity of a mid-infrared quantum cascade laser was reported™.
The aforementioned rapid advances yield a fairly good understanding of terahertz quantum cascade lasers even
though room temperature operation has yet to be achieved™.

Thus far, fabricated THz QCLs have typically been characterized using conventional electrical and optical
techniques, such as pulsed and/or DC light-current-voltage'*, lasing spectrum and far-field pattern measure-
ments*. The THz time-domain spectroscopy technique was successfully applied to probe actively-biased THz
QCLs, enabling direct measurement of the optical gain/loss of the active region®”-**. The intrinsic linewidth of THz
QCLs was also experimentally investigated®. By contrast, transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) have been employed to obtain static microscopic structure information, such as direct
measurement of the interface roughness in QCL materials® or visual inspection of QCL laser emission facets®'.
Until recently, THz QCL characterization techniques were limited to either input/output behaviors or static
structural information. Internal nanoscopic origins and external macroscopic performance measures were sel-
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dom linked through compelling experimental observation. As a
result, very little direct evidence has been produced to advance our
understanding of why many devices fail or perform poorly. In par-
ticular, there was an inability to directly and quantitatively profile
electric potentials across quantum cascade modules.

The voltage distribution plays a key role in governing device
performance, especially for THz QCLs; it dictates how efficiently
electrons are injected into desired states to achieve sufficient popu-
lation inversion - a prerequisite for lasing. It is therefore critically
important to measure the voltage distribution within an actively-
driven laser directly. Scanning voltage microscopy (SVM) is a
novel and enabling tool to quantitatively probe the voltage distri-
bution and has sufficiently high spatial resolution to even resolve
individual quantum wells*>****. This could disclose important
experimental evidence for the formation and evolution of electric
field domains in semiconductor quantum structures that are based
on electron resonant tunneling, which has long been hypothesized
and only verified indirectly through the observation of sawtooth-
like current-voltage (I-V) or light-voltage (L-V) curves or the
measurements of active-region photoluminescence spectra or cath-
odoluminescence imaging®>~**.

Conventional SVM has found limited application to lasing THz
QCLs because measurements can only be performed at room tem-
perature, while current THz QCLs can only be operated at cryogenic
temperatures. Furthermore, many interesting quantum dynamics
(such as optical and electrical instability and formation of electric
field domains) can only be observed at low temperatures®. Rapidly
increasing progress in the design and fabrication of THz QCLs with
improved performance may help overcome this barrier, for example,
THz QCLs that can lase up to ~200 K have already been demon-
strated". In addition, cryogenic temperature SVM apparatus that can
be operated at liquid helium or liquid nitrogen temperatures with a
nanometer resolution have been successfully developed for research
utilization, and are readily accessible using modern scanning probe
microscope technology.

With the set-up described in the Methods section we have directly
measured the voltage profile across the transverse cross section of the
active region of a lasing THz QCL at 77 K, resolving individual
quantum cascade modules. Knowledge of the electric field distri-
bution profile is essential when studying QCL technologies, in which
the energy level alignment across modules plays a critical role in
overall device performance. According to the quantum mechanical
description of resonant tunneling, the electric current is maximized
when the two quantum levels are aligned. Afterwards, the tunneling
current begins to drop as the bias further increases — generating a
negative differential resistance (NDR) region®. Although the active
region of a THz QCL typically consists of up to hundreds of nom-
inally-identical cascade modules, most THz QCL device models*'~**
simulate only one cascade module in principle. Such modeling is
based on an implicit and important assumption that the electric field
is uniform across the entire quantum structures so that each module
experiences the same bias condition. It is therefore presumed that the
collective current density-voltage (J-V) behavior of the entire active
region can be represented by the individual J-V of a single quantum
cascade module. In the present detection scheme, we directly and
compellingly reveal that the quantum cascade modules in a THz
QCL active region could be operating under distinctly different bias
conditions (different electric fields), which is observed both below
and above the lasing threshold over a wide range of applied device
biases.

The device under test is an indirect pumping-based THz QCL laser
with uncoated cleaved facets on both ends of a metal-metal wave-
guide®. The two-dimensional voltage profile across the device active
region is obtained by scanning a conductive cantilever probe over a
transverse cross section area (11 X 11 pum?) on the front emission
facet as the device is biased at 12 V in pulsed mode at 77 K (Fig. 1a),

clearly revealing a monotonically drop in voltage from the top metals
(positively biased at 12 V), across the intermediate layers, to the
grounded bottom metals (at 0 V). A sharp voltage drop of ~0.7-
0.8 V is observed at the Schottky-like junction between the top metal
(un-annealed) and the top n™ GaAs contact layer. No substantial
voltage drop is observed at the interface between the bottom metal
and the bottom contact layer due to its Ohmic-like contact®. Most
strikingly, the image visualizes the formation of two electric field
domains (EFDs) across the ~10 pm thick active region at this bias,
one close to the top metal layer, which has a higher electric field
(greater slope), and one close to the bottom metal layer, which has
a lower electric field (smaller slope). The inset image shows the
topology of the scanned cross section of the cleaved emission facet.
Only slight height differences are evident between five layers - the
top metal layer, the top n* GaAs contact layer, the ~10 pm thick
multi-quantum-well active region, the bottom n* GaAs contact layer
and the bottom metal layer. The topology image confirms that the
cross section of the ~10 pm thick multi-quantum-well active region
is almost atomically flat.

Similar SVM scans are performed at different applied device biases
ranging from 2 Vupto 25 V with stepsof 2,1 or 0.5 V.Itis worthy of
note that the last few bias points exceed the final device NDR, which
is at ~21.8 V. By averaging cross-section line scans that make up a
two-dimensional (2D) SVM image similar to the one shown in
Fig. 1a, one-dimensional SVM measured voltage profile curves are
obtained as a function of the distance from the top metal layer
(Fig. 1b, c). At low biases (2 V to 9 V), the electric field is almost
uniform across the entire active region (one slope) and the slope of
the voltage profile curves over the active region increases propor-
tionally with the increase of the applied device bias. Beyond 10 V,
however, two slopes start to emerge across the ~10 um thick active
region. As the device bias further increases, the two slopes remain
almost unchanged while the boundary between the higher electric
field domain (denoted by dashed-lines) and the lower electric field
domain (solid-lines) evenly shifts from the top metal layer to the
bottom metal layer. At a bias between 17 V and 18 V, the higher
EFD expands over the entire active region. At higher biases of 18 V to
21V, only one slope can be observed in the voltage curves, which
increases proportionally to the applied device bias. For device biases
between 22 V and 25 V, two slopes again emerge and the higher
electric field domain expands from the top metal layer to the bottom
metal layer at the expense of the lower electric field domain. The
lasing threshold voltage of this device at 77 Kis ~20.4 V, so the SVM
results show the formation of EFDs not only below but also above the
lasing threshold.

One major advantage of SVM is its quantitative analysis — the
electric field (F) within the observed EFDs can be exactly quantified
from the slopes (F = average of (AV/Ad)) of the voltage profile
curves in Figs. 1b and 1c. The derived results are shown in Table I.
Over pre-threshold device biases spanning 10 to 17 V, two distinct
electric fields (F; and F,) are observed. At different device biases, F;
varies slightly from 8.574 to 8.586 kV/cm with an average of
8.58 kV/cm, while F, varies from 16.763 to 16.770 kV/cm with an
average of 16.77 kV/cm. Two new electric fields (F; and F;) emerge
at biases above the lasing threshold, from 22 V to 25 V. At these
biases, F3 and F, average 20.96 kV/cm and 24.35 kV/cm, respect-
ively. Note that this marks a direct and quantitative measurement of
distinctly different EFDs while the semiconductor quantum laser is
in operation, illustrating the great potential for cryogenic temper-
ature SVM techniques to advance THz QCL research and
development.

The experimental and theoretical light-current density-voltage
(L-J-V) characteristics of the device under test can provide useful
insights to understand the SVM measured voltage profiles (Fig. 1d).
The simulated current density—electric field (J-F) curve reveals three
features associated with resonant tunneling processes. The peak at
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Figure 1 | Formation and evolution of electric field domains in an operating THz QCL. (a), The SVM measured two-dimentional (2D) voltage profile
across the active region of a THz QCL (device V843, cooled at 77 K) under a forward bias of 12 V. It shows two electric field domains (F; and F,) across the
~10 um thick multi-quantum-well active region. The inset of the figure displays a 2D AFM topology image simultaneously acquired over the same area.
(b), One dimensional (1D) section analysis of the SVM voltage profile across the active region of the device at applied device biases spanning 2 V=25 V.
(c), 1D voltage profile curves at higher biases (20 V to 25 V) with a smaller device bias step (0.5 V) between the SVM scans. The formation and evolution
of two electric field domains over the multi-quantum-well active region is clearly observed in device bias ranges spanning 10-17 V and 22-25 V.

(d), Experimental current density — device bias (J-V) and simulated current density — nominal active-region electric field (J-F) curves of the V843 device at
77 K, and light — current density (L-J) curves at 77 K and several other temperatures. The threshold electric field is 19.6 kV/cm at 77 K. The nominal
active-region electric field is calculated using (V-@)/d, V'is the applied device bias, @ is the Schottky contact drop (~0.8 V) and d is the active region
thickness (~10 pm). (e), The SVM measured electric field across individual cascade modules in the active region of operating V843 device as a function of
applied device bias. Two EFDs coexist in bias ranges of 10-17 V and 22-25 V. Shown together is the partition number of the cascade modules in each EFD.
Discrete symbols (Measured ny, k= 1,2, 3, 4) are calculated from the first approach (1, = I;/d) based on the SVM measurment results of EFD length (/) in
(b and c). Solid lines (Calculated ny,) are calculated from the second approach (see text for details). The sum of the SVM measured module numbers
(n; + ny, or n3 + ny) is ~276.
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Table | | SVM measured electric field in each observed electric field domain. The electric field values are obtained by linearly fitting the
different sections of the voltage curves. The small variation is attributed to small system errors

Applied Device Bias (V) Fy (kV/cm) Fa (kV/cm) F3 (kV/cm) F4 (kV/cm)
10.0 8.583 16.767 - -
11.0 8.574 16.767 - -
12.0 8.579 16.767 - -
13.0 8.574 16.763 - -
14.0 8.586 16.763 - -
15.0 8.580 16.770 - -
16.0 8.579 16.770 - -
17.0 8.583 16.767 - -
22.0 - - 20.952 24.347
22.5 20.957 24.347
23.0 - - 20.961 24.347
23.5 20.955 24.347
24.0 - - 20.959 24.347
25.0 - - 20.957 24.347
Average (Eqvg) 8.58 16.77 20.96 24.35

around F,; = 4.4 kV/cm is related to the alignment of the extraction
state (ey,.;) with the lower lasing state (I,,,) (see Supplementary
section for detailed band diagram and wavefunctions). The peak at
around F,, = 8.7 kV/cm is related to the alignment of the extraction
state (ey, 1) with the upper lasing state (2,,), and the peak at around
F,; = 21 kV/cm is related to the alignment of the extraction state
(em-1) with the injection state (iy,). The subscript m stands for the
index of the modules increasing along the electron flux direction, the
subbands in a module are labeled as e (for extraction from LLS by
resonant phonon scatting) 1, 2 and i (for injection to ULS via res-
onant phonon scattering). These features are confirmed experiment-
ally and correspond to a shoulder structure at around 4.6 kV/cm, a
current plateau starting at around 8.7 kV/cm and a final NDR at
around 21 kV/cm in the experimental J-F curve. The experimental
curve also shows a turning point at Fyjyean = ~16.8 kV/cm, where
the plateau comes to an end and the current starts to sharply increase.
Clearly there is a correlation between these electric fields of resonant
tunneling features and those of the high field domains obtained from
the SVM measurements, i.e., F;, F, and F; quite reasonably match to
Fe2, Folateaw and F,; in quantity, respectively.

This electric field correlation can be understood as follows. When
the quantum cascade laser device is biased at ~9.5 V, which corre-
sponds to an electric field of ~8.7 kV/cm across the ~10 pm thick
active region after excluding a ~0.8 V Schottky contact drop, all of
its 276 cascade modules are uniformly biased at this electric field. The
extraction state (e, ;) aligns with the upper lasing state (2,,) of the
immediate downstream module, where the current channel due to
the e-2 tunneling resonance is at its peak current-carrying capacity
(J.o = ~0.5 kA/cm?). As the applied device bias continues to
increase, the incremental bias would not be evenly distributed among
the serially-stacked 276 modules®. If it was, the device would experi-
ence an NDR due to misalignment of the e-2 resonance and device
current would substantially drop (as shown in the simulation curve
of a single module). To accommodate increases in device bias, some
of the modules (starting with those closest to the top contact layer,
downstream of electron flux) are forced to hop to a higher bias point,
switching from the e-2 to the e-i tunneling resonance current chan-
nel, which has a higher peak current-carrying capacity. The rest of
the cascade modules remain at the e-2 resonance (F,,), pinning the
device current at J,,, which represents the overall current density
through all modules in the active region. The exact bias point (elec-
tric field) of the switched modules can therefore be determined by
drawing a constant current-density line that passes through the peak
value of the e-2 resonance and intersects with the e-i resonance curve.
This electric field is found to be Fppean = ~16.8 kV/cm (Fig. 1d).

Additional increases in device bias are accommodated as more cas-
cade modules switch from the lower bias point (F,,) to the higher bias
point (Fpjateau). This trend continues until all cascade modules switch
into the e-i resonance current channel. This explains why the electric
fields of the two observed EFDs are pinned at F,; and Fyjyeau, respect-
ively, in the device bias range between 10 and 17 V.

The length (I;) of each EFD section can be measured directly from
the SVM voltage profile curves (Fig. 1b, ¢). As one cascade module
period is d = 36.2 nm° in thickness, the number (1) of the cascade
modules in each EFD section can be obtained from n; = I/d (k = 1,
2). These numbers can also be calculated through a second approach
that assumes a linear partition of the cascade modules between the
two EFDs (F; = 8.58 kV/cm and F, = 16.77 kV/cm) that comply
with the total applied device bias (V), which yields

ny+n, =276 (1)

n1F1d+n2F2d+¢=V, (2)

where ¢ is the voltage drop across the Schottky-like junction at the
interface of the top metal layer and the top n™ GaAs contact layer,
and V is the applied device bias. The numbers of quantum cascade
modules in each EFD are obtained through these two approaches
(SVM measured and theoretically calculated), exhibiting very good
agreement (Fig. le). This confirms that the boundary of the electric
field domains linearly shifts from the top to the bottom contact layer
(opposite to electron flux direction) as device bias increases.

A similar analysis can be applied to another high field domain
transition observed between F; and F,. From the experimental J-F
curve taken at 77 K, the device current density reaches its maximum
value of Jypr = ~1.6 kA/cm at F;, corresponding to the alignment
of the e-i resonance. As the device bias further increases, the current
first slightly drops and then bounces back to the value of Jypr at F4
(see Fig. 1d). F; and F, thus become observable in the SVM measure-
ments for the same reason F; and F, do (as described above).
However, differences appear in the transition from F,; resonance
to F,, resonance (Fig. 1d). The SVM results reveal that the electric
field across all cascade modules continuously increases from zero up
to F,,, without a standstill at F,;. This could be attributed to the fact
that the current density at any intermediate electric field between F,;
and F,, might for all time be higher than the peak current density (J,;)
of the F,; resonance - considering F,; and F,, are close to each other,
it is possible that some broadening mechanisms make their resonant
current density peaks broad enough to completely overshadow the
valley in between. So the current density through the device can no
longer be pinned at J,; when the electric field exceeds F,;. In other
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Figure 2 | Rough and high-resolution SVM scans. (a), The 1D SVM voltage curve cross the active region of the V843 device at a bias of 15 V and at
T = 77 K. The rough scan (dashed line) spans 11 pm from the top metal layer to the bottom metal layer, clearly showing the co-existence of two electric
field domains. It also shows that the voltage curve is straight and smooth in each section. The three zoomed-in scans (one close to the top metal layer, one
at the EFD boundary, one close to the bottome metal layer) spans 512 nm each (solid curves in the insets). (b), (¢c), (d), The corresponding further
zoomed-in curves that show the small voltage dips at the delta-doped injection barriers. The bottom curve in each figure (b, ¢, d) is the first order
derivative (IdV/dx!) of each corresponding voltage profile curve, for the purpose of identifying the exact location of the voltage dips.

words, the device does not experience a NDR region between F,; and
F,,, which is different from results predicted by the theoretical model
as shown in Fig. 1d. One possible reason for this discrepancy could be
that the broadening due to impurity scattering is likely underesti-
mated in the model. Nevertheless, the experimental curve indeed
shows that only a shoulder feature (instead of a current plateau
similar to the one between F., and Fyjaeeay) is observed at F;.
Hence, no cascade modules are pinned at F,; and an EFD does not
emerge at F,; in the SVM measurements. Only one uniform electric
field domain is observed over the device bias range between 2 V and
9 V, in which the electric field increases proportionately with the
device bias. The same behavior is observed over the device bias range
from 18 to 21 V, where the device current again increases monoton-
ically with the device bias. Looking at the SVM-measured electric
field across individual cascade modules as a function of applied
device bias, one can clearly notice two gaps, over which the electric
field hops directly from F; to F, and from F; to F,, respectively
(Fig. le). The SVM measurements also clearly and quantitatively
resolve the voltage drop across the Schottky-like junction at the
top metal/semiconductor interface (Fig. 1b, 1c), the depletion region
of which is mainly in the semiconductor side*. The voltage drop
across this Schottky-like junction ranges from 0.723 V to 0.812 V
at biases of 2 to 25 V (see Supplementary section), confirming the
hypothesis put forward in previous publications that predict a 0.8 V
Schottky contact drop®***".

Individual quantum cascade modules can be resolved in high-
resolution SVM scans by reducing the scan range. In a one-dimen-

sional (1D) rough SVM scan at a device bias of 15 V, the measured
voltage profile exhibits two distinct sections over the ~10 pm multi-
quantum-well active region and the curve in each section appears
smooth and straight (Fig. 2a). By zooming in the SVM scans in three
512 X 512 nm?® regions — one close to the top metal/semiconductor
interface, one close to the EFD boundary and one close to the bottom
metal/semiconductor interface (insets of Fig. 2a) - it is revealed that
every ~36 nm in the multi-quantum-well active region a small volt-
age dip can be observed in zoomed-in 1D voltage profile curves
(Fig. 2b, ¢, d). This small voltage dip (~1.2 mV) can be attributed
to the delta-doping profile (17,p = 3.25 X 10'° cm™?) in the injection
barrier, which is the first layer of each cascade module from the
upstream of the electron flux as well as the boundary layer between
two neighboring modules. A back-of-the-envelope estimation indi-
cates, at most, an additional potential drop between the upstream
state e and the delta doping of ~5 mV. The origin of the sharp dip in
potential at such a low doping level is not understood yet — maybe
due to some very localized oxidation — and will be the subject of
further studies. Nevertheless, by high resolution SVM scans in the
proximity of the top and bottom contacts we are certain the positions
of the voltage dips correspond to the nominal coordinates of delta-
doping (Sup Mat figure S7). This particularity is very helpful in this
study and is used as a “ruler”.

The high-resolution SVM scans over the 512 X 512 nm? region
that is close to the EFD boundary region identifies the exact location
of the EFD boundary and reveals how it evolves (Fig. 3). Two voltage
slopes can easily be distinguished over a span of 14 cascade modules —
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Figure 3 | Resolution of individual quantum cascade modules and the boundary of EFDs. (a), The 2D SVM voltage image over a 512 X 512 nm? scan
area near the EFD boundary on the V843 device at 15 Vand 77 K. It clearly reveals two electric fields over a span of 14 cascade modules. The period of each
individual cascade module is measured from the figure to be ~36.1 = 0.1 nm. (b), A 1D zoomed-in view of three consecutive modules near the EFD
boundary. The the EFD boundary, in other words the turning point of the electric field, locates at ~12 nm = 0.5 nm to the upstream of the delta-doped
injection barrier layer of one module. (c), 1D SVM votlage profile curves at a series of device biases with a small incremental bias step (~10 = 1 mV

increase each time). The EFD boundary does not shift if the device bias increase is less than ~30 mV. When it does, the EFD boundary hops at least one
module each time (a phenomenon we term EFD boundary hopping). All curves (except the one at 15.001 V) are accumulatively shifted by 0.01 V vertically

for clarity.

the boundary of each module is denoted by lines of small voltage
dip (Fig. 3a). The periodic spacing is measured from zoomed-in
high-resolution scans to be ~36.1 = 0.1 nm, in excellent agree-
ment with the design value of 36.2 nm (0.3% relative error). Each
cascade module consists of four GaAs quantum wells (6.1 to
8.5 nm in thickness) and four Aly,sGag,sAs barrier layers (0.9
to 4.4 nm), they are not individually distinguishable in SVM mea-
surements because of very small (or even zero) voltage contrast at
the interfaces between the wells and the barriers except the small
voltage dip at the delta-doped injection barrier. By further zoom-
ing the SVM scan into only three modules, the EFD boundary is
evidently disclosed to locate at ~12 nm * 0.5 nm away from the
small voltage dip (the injection barrier) towards the upstream

direction of the electron flux (Fig. 3b), where electrons typically
piles up on the extraction (e) state before tunneling to the injec-
tion state (i) of the downstream module. The electric field discon-
tinuity across the EFD boundary is attributed to charge imbalance
in the transition region, which is resulted from this electron accu-
mulation on the e state. The associated electron sheet density (1)
can be estimated by Gauss’ law, yielding

q(ne—"n2p) =0t (F2—F1) 3)
where & is the vacuum permittivity, ¢, the relative permittivity of
GaAs (12.5 at 80 K), F; = 858 kV/ecm, F, = 16.77 kV/cm, g
electron charge (1.6 X 107" C) and #,p = 3.25 X 10" cm™3,
which is the nominal dopant sheet density in the injection barrier.
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Figure 4 | Simulation of the EFD boundary. Self-consistently solving the coupled Schrédinger-Poisson equations yields the simulation results of electron
wavefunction and band diagram across the EFD boundary, confirming the EFD boundary is ~12.3 nm away from the delta-doped injection barrier in the
transitional module. The delta-doped dopants are assumed to exponentially diffuse (by 48 Ang/decade) to the upstream direction of electron flux due to
Si segregation during the molecular beam epitaxy of the QCL structure. The line running at GaAs conduction band edge (in gray and white) is the
potential curve V(z) that the SVM tries to measure. The two curves on the top show the simulated charge density profile and electric field profile,

respectively. The simulation is performed at a device bias of 12 V.

The calculation yields #. = 8.92 X 10" cm™>. Note that this is
roughly 2.74 times the nominal dopant sheet density in one
module.

Because the EFD boundary is associated with charge accumula-
tion, it has to coincide with a quantum well (or wells) in which the
presence of electron wavefunction is substantial (i.e., the extraction
state in this case). This implies that the EFD boundary doesn’t shift
continuously with the gradual increase of the applied device bias, but
rather hops discretely and chaotically, which is confirmed in a series
of SVM scans with a much smaller incremental step (~10 mV each
time) in the applied device bias (Fig. 3¢c). At a device bias of 14.991 *
0.001 V, the EFD boundary locates at ~7.203 = 0.0005 pm. When
the device bias increases to 15.001 * 0.001 V, the EFD boundary
jumps to ~7.239 + 0.0005 pm and remains unchanged at next three
biases of 15.011 = 0.001, 15.022 *= 0.001, and 15.031 = 0.001 V.
When the device bias further increases to 15.039 * 0.001 V, the EFD

boundary jumps again to ~7.275 = 0.0005 pm. The EFD boundary
hops each time by a distance of ~36 * 0.5 nm, which is exactly the
thickness of one module. Apparently, the EFD boundary would not
shift if the accumulative increases of the applied device bias are
smaller than (16.77 kV/cm-8.58 kV/cm) X 36 nm ~30 mV,
which is the minimum bias increase needed to switch one module
from the lower EFD (F)) to the higher EFD (F,). This one-module-at-
a-time progression of the EFD boundary is therefore convincingly
confirmed to be the nanoscopic origin of the reported sawtooth-like
current-voltage (I-V) characteristics exhibited by QCLs*. If the
curves were not vertically shifted in Fig. 3c, the potential curves in
the lower field domain would overlay almost perfectly on top of each
other whereas the potential curves in the high field domain are clearly
spaced by ~10 mV at the end of the last module (m = 276). This
means that during a < 30 mV increase of applied bias between two
hopping events the additional potential is mainly distributed in the
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higher field domain, i.e., the electric field “flexes” in the higher field
domain before going back to its “rest” value when the EFD boundary
has just shifted by one module.

Quantum cascade modules in the close proximity of the EFD
boundary are simulated by self-consistently solving coupled
Schrodinger-Poisson equations. The lower electric field (F,), the
higher electric field (F,) and the voltage drop across seven modules
around the EFD boundary, which are derived from a high-resolution
SVM scan at 12 V - are employed as input parameters in the simu-
lation. For the sake of simplicity, carriers are assumed at thermal
equilibrium (100 K) in each module. The band diagram and the
potential profile across the modules are calculated. The simulation
results confirm that the transition from the lower electric field
domain to the higher electric field domain occurs inside one cascade
module, with a fairly-resolvable turning point (Fig. 4). The turning
point of the potential profile coincides with the lobe of the wave-
function of the extraction state (e) in the widest well of the lower
phonon stream, which is ~12.3 nm away from the center of the
injection barrier layer. It is worthy to note that the first- and sec-
ond-order derivatives of the potential profile yield electric field pro-
file and charge density profile, respectively. Electron accumulation is
indeed observed at the EFD boundary in the simulation curve.

As expected, in the low field domain (the right side in the figure)
the levels e,,+; and 2, are almost perfectly anti-crossed (coupling
strength Q,, = 0.24 meV), and in the high field domain (the left
side) e, and i,,+; start to be coupled, resulting in a positive differ-
ential conductivity of this domain (Fig. 4). We recall that the sub-
script m stands for the index of the modules increasing from right to
left. Across the downstream injection barrier of the transitional
module (in which the EFD boundary is located) the levels e, and
2+ are fairly detuned and levels e, and iy, are still weakly
coupled, which puts this short section in negative differential con-
ductivity region and commands extra charge accumulation in e, to
maintain current conservation through this transitional module.
Similar argument could be applicable to the levels e, ; and 2,
who just passes their anti-crossing according to the simulation.
The impact of the electric field domain boundary on the transport
behavior of THz QCLs is profound. The transitional cascade mod-
ule across the EFD boundary is divided into two sections with
different electric fields, so its energy levels are not well aligned. As
a result, electron transport across the EFD boundary is nonresonant
and may limit the current”’. Advances in hybrid electron transport,
which combines resonant and nonresonant tunneling to support
efficient transport in semiconductor quantum systems such as
THz QCLs with multiple EFDs are of great interest and crucial
importance. However, additional experimental and theoretical work
is needed to fully understand these mechanisms.

New ability to probe quantum photonic devices while in operation
and on a nano-scale will open critical new avenues of experimental
analysis and enable direct measurement of many fundamental phys-
ical parameters. In this way, the nanoscopic origins and macroscopic
functions will be compellingly connected. The underlying mechan-
isms responsible for device failures and sub-par performance will be
identified with certainty, which will not only facilitate, but accelerate
device design and optimization processes. The cryogenic temper-
ature SVM and other associated techniques’>>***=>* can be
employed to measure important inner workings such as the device’s
voltage profile, dopant profile, charge carrier profile and current
profile at nanometric scales and in two dimensions. It will also allow
us to visualize the development and evolution of high electric field
domains in not only THz QCLs, but also semiconductor superlattices
and other resonant-tunneling based quantum structures, to study the
extra voltage drop across THz QCLs without the top n™ GaAs contact
layer, and to examine whether the electron injection from the bulk
contact layer into the first quantum cascade module is well aligned as
expected. If the spatial resolution and voltage sensitivity are further

improved, this technique may reveal subtle information such as elec-
tron cloud distribution inside a module - the observation of which
would shed light into thermal backfilling issues. The technique may
also help to understand how the stimulated emission reconfigures
the electric field inside a module as the radiative wells should become
more conductive upon the ignition of stimulated emission. The tech-
nique we have presented is not limited to QCLs, but is applicable to
many other active quantum devices and nanoelectronics, such as
quantum-well infrared photodetectors (QWIP), semiconductor
quantum-well optical amplifiers, semiconductor modulators, single
electron transistors, spintronic devices, oscillators based on resonant
tunneling and Gunn effect, to name but a few. The domain boundary
in our measured QCLs looks stable with a sharp transition from one
domain to another but the SVM technique could be able to probe
domain instability in weakly-coupled semiconductor superlattices™
at nanometer scales, which so far have been attracting extensive
research interests®>°.

Methods

We use a cryogenic-temperature conductive atomic force microscope (AFM) to
conduct all of the scanning voltage microscopy (SVM) measurements. After
mounting the THz QCL device under test, the whole AFM microscope head is cooled
to 77 K by submerging it in a chamber filled with liquid nitrogen. A diamond-coated
Boron-doped AFM cantilever probe is employed to access the electric signal from the
actively-biased THz QCL device in the scans (See Supplementary section). The
conductive AFM probe scans the laser devices in contact mode on the cleaved
emission facet (uncoated). Detected voltage signals from the AFM cantilever probe
are directly fed back into the AFM acquisition system and recorded. The topology of
the scanned surface is acquired simultaneously. The measurements are performed on
a GaAs/AlGaAs THz-QCL with an indirect pumping scheme (phonon-photonpho-
non) designed for 3.2 THz (Ref. 6). The THz QCL is biased in pulsed mode, with a
pulse width of 3.5 us and a repetition rate of 100 Hz. Details of the experimental
techniques used and the design of the THz-QCL are given in the Methods and
Supplementary Information section.
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