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As thin Si quantum wells with oxide barriers have become an experimental reality in
silicon-on-insulator technology, we discuss the feasibility of a terahertz laser based on an
intersubband transition in such a Si quantum well. Electrons tunnel into an upper two-
dimensional subband from a thin polysilicon gate through an ultrathin tunneling oxide
and are extracted laterally from the Si well by diffusion. Population inversion arises
because lateral diffusion to the contacts can be a faster process than intersubband
relaxation and also because the in-plane diffusivity in the upper subband is suppressed by
the interaction with a nearby subband characterized by a heavy in-plane mass. Thick
oxide layers provide optical confinement and the main optical loss mechanism is the
weak free-carrier absorption in thin doped regions in the polysilicon gate and substrate.
A voltage on the substrate may provide some tunability of the gain peak.

1. Introduction

Optical sources based on intersubband transitions in bandgap-engineered semiconductor
quantum wells (QW), originally proposed by Kazarinov and Suris,' are undergoing
spectacular development, with quantum cascade lasers (QCLs) improving in power and
temperature performance,> as well as reaching into the long-wavelength THz regime.*>*
All of the existing QCL designs are based on epitaxially grown III-V semiconductor
heterostructures systems, with aggressive bandgap engineering requiring monolayer
control over thickness and composition. In a typical QCL design, the upper level of the
intersubband transition E, is filled by tunneling from an adjacent injector region, while
the lower level E; is emptied out by tunneling into an adjacent state or miniband
downstream. The active structure is repeated 20—100 times, separated by doped carrier



412 S. Luryi and A. Zaslavsky

reservoirs that ensure the overall charge neutrality under bias and prevent the formation
of high electric field domains.” The main physical issues faced by QCL lasers include
the competing non-radiative £, — E, transitions that greatly increase the current density
required for population inversion, difficulties in rapidly removing carriers from the E,
subband, and optical losses due to absorption within the QCL structure. Another
requirement is the optical confinement in the vertical direction outside the structure.®

Unlike interband semiconductor lasers that require a direct bandgap, intersubband
optical sources are, in principle, compatible with dominant Si technology. However, the
most advanced Si-based heterostructure, Si/SiGe, is hampered by relatively low barriers,
lattice mismatch strain, and easier bandgap engineering in the valence band where the
effective masses are heavy. As a result, while there has been encouraging progress on
electroluminescence from Si/SiGe QW structures,”'” their optical efficiency has lagged
behind III-V designs and the insertion of such a structure into an optical waveguide has
not been reported to date. In this letter we propose an alternative Si-compatible approach
based on the silicon-on-insulator (SOI) technology that is predicted to become dominant
in mainstream digital circuitry in the near future."'

2. Proposed Device Structure and Operation

The crucial ingredients, now available in SOI technology, are an ultrathin Si QW
channel and SiO, tunneling gate oxide, combined with lateral current extraction from the
QW. The proposed device structure is schematically illustrated in Fig. 1: it is essentially
a standard SOI transistor with gate length Lg = 2L, but with a Si channel thinned to 6 nm,
an ultrathin tunneling gate oxide of ~1 nm, a thin in-situ doped poly-Si gate, and a
deposited oxide layer on top. Outside the gate region, there are thicker contact regions
(in a standard transistor these would be the source and drain). The electronic properties
of a similar vertical tunneling transistor (VTT) structure, fabricated by a fully
technological SOI process, were recently reported.” In order to minimize losses due to
free-carrier absorption discussed later, the poly-Si gate is only 20 nm thick and relatively
lightly doped 3x10'” cm™; whereas the Si substrate is minimally doped, with a thin ~20
nm doped layer under the buried oxide to which a back-gate bias Vg can be applied.

The band diagram of the device along a vertical cut, as well as the principle of
operation, are illustrated in Fig. 2, with the corresponding electronic subband structure
Ey in the quantum well shown in the inset. Electrons tunnel from the gate electrode into
the quantized 2D subbands in the Si QW and are extracted laterally via the contacts. As
in all resonant tunneling structures, the elastic tunneling into the QW conserves energy
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Fig. 1. Cross-sectional view of the SOI device (not to scale): n-poly-Si gate is doped 3x10'7 em™

and is 20 nm thick to reduce free-carrier absorption; undoped Si quantum well /= 6 nm; tunneling
oxide is ~1 nm; thick SiO, layers sandwich the active structure; there is a thin 20 nm n'-Si layer

under the buried oxide, with the rest of the Si substrate taken as insulating at 7= 77 K.

and transverse momentum,"® and depends on the alignment of Ey with the occupied states
in the gate. This alignment can be tuned slightly by a voltage on the back-gate electrode
Veg due to the quantum capacitance effect,' as was first demonstrated in 11I-V" and,
recently, SOI'* device structures. The total thickness of the active structure, including
the poly-Si gate, very thin oxide tunnel barrier, and Si QW, is d = 25 nm.

Now consider what happens when the electrons are injected into the higher-lying E,
subband of the Si QW corresponding to the heavy effective mass m* ~ 0.98m, in z
direction (where my, is the free electron mass). The electrons will diffuse laterally in the
E, subband towards the contacts, a process characterized by some diffusion coefficient
D,. They will relax to the lowest E; subband with a characteristic lifetime t and these
carriers will also diffuse towards the contacts, with a different diffusion coefficient D,.
As long as the energy separation (£, — E)) lies below the Si optical phonon energy,
nonradiative relaxation to E, is suppressed. Let the injection current density into the
second subband be J(x). The equations describing carrier transport in the two subbands
are given by current continuity:
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Fig. 2. Schematic band diagram of the device under bias. The Si quantum well provides an energy
separation o = (E, — E)) < horo between the lowest doubly-degenerate electron 2D subbands.
Electrons tunnel into E, from the gate and diffuse laterally to the source and drain contacts. More
rapid diffusion in the E, subband contributes to the population inversion. The alignment of E, with
the occupied states in the gate can be tuned by the back-gate bias Vgg, but the thick buried oxide
prevents current leakage to the substrate. Inset shows the schematic in-plane dispersion E(k) of the
confined 2D subbands in the Si QW. The fourfold-degenerate subband E;' corresponding to the
heavier transverse Si mass lies above E,. Coupling between E, and E;' reduces the in-plane
diffusivity in the upper level. Optical transitions are only possible between E, and Ej, as E;' lies in a

different valley in k-space.
olL/ox = —D1&*n/6x* = ny(x)/x, and (1)
Ob/ox = —D13*n,/0x* = J(x) — na(x)/, )

where /; and I, are the channel currents flowing in the first and second subbands,
whereas n;(x) and ny(x) are the corresponding carrier sheet densities. By symmetry of the
device in Fig. 1, we need only consider half of the structure, 0 < x < L. The second order
system of differential equations (1) and (2) obeys the following boundary conditions:
ni(x) = ny(x) = 0 at x = L and 0n/0x|,—g = Ony/0x|,—o = 0. The first of these boundary
conditions assumes a perfect carrier sink in the contacts, while the second reflects the
symmetry of the device around the x = 0 midpoint.

Adding equations (1) and (2) and integrating, using the boundary conditions
describe above, and assuming J(x) to be a constant J, we obtain:
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The assumption of a constant J(x) = J, is reasonable as long as the local potential in the
channel does not change along x, but an expression similar to Eq. (3) involving an
integral of J(x) over the channel length will hold for any J(x). Now we turn to Eq. (2).
In the absence of injection, the homogeneous equation has the usual diffusion solution
exp(£x/Lp), where Lp, = (D,t)"? is the diffusion length with respect to relaxation to E|.
The inhomogeneous solution is n, = —Jyt and, imposing the boundary conditions, we
obtain the following expressions:

_ cosh(x/ L)
ny(x) = Jyt (1 —m;] , and “)
N X
ni(x) = _201)_ [1 —;j - % ny(X). ®)

For Lp > L, we can expand the hyperbolic cosines in Eq. (4) up to (L/Lp)* to obtain
the following estimate for the population inversion:

M:—DL(—D—”LZ _1]. ©)
n(x) D\ 517 —x?

Note that in the Lp > L limit, Eq. (6) predicts population inversion even for equal
diffusion coefficients D; = D,, because the electrons do not have time to relax from E, to
E; during their diffusion towards the contacts. The ratio D,/D, increases the inversion
further, as the in-plane diffusivity D, is expected to be markedly smaller because of the
interaction with the nearby E|' subband (corresponding to the light effective mass in the z
direction — see Fig. 2) that has a heavy in-plane mass and a large density of states. Given
that optical phonon scattering is turned off in our structure, as (£, — E) < koo, the main
nonradiative relaxation processes are acoustic-phonon assisted or the weaker multi-
electron Auger-like processes. In a similarly narrow GaAs QW, the acoustic phonon
intersubband scattering time at 77 K was calculated to be in the several tens of ps range,
implying Ly, of several um."®

Next we consider the other necessary constituents of an effective infrared source,
using a typical vertical ITII-V QCL design for comparison. Given the intersubband nature
of the E, — E| transition, the optical matrix element in our Si QW is, in principle, quite
similar to that in a GaAs QW. In order to avoid competing nonradiative relaxation via
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phonon emission, the Si QW in Fig. 2(b) should not be too narrow, e.g. in a 6 nm QW,
(E; — E)) ~ 30 meV < fioo in Si. In a vertical QCL design, the upper level can be
emptied by tunneling into available states downstream — a problem that has often been
addressed by bandgap engineering a minigap aligned with the upper lasing state.” In our
proposed device, the second barrier is completely impenetrable, see Fig. 2, and
measurements on the similar VTT design have shown no measurable substrate leakage
current for any Vg.'> Optical mode confinement for far infrared wavelengths has been a
major issue in III-V QCL designs because of the relatively small change in refractive
index available in the epitaxial III-V heterostructures. Either the combination of a
metallic contact on top and a heavily-doped surface-plasmon-supporting semiconductor
contact layer on the bottom®® or even all-metal confinement (involving the bonding of
the active QCL structure to a metallized substrate, followed by subsequent processing)°’
has been employed. At the same time, the active region in QCL is repeated many times
to bring the total active thickness closer to A, increasing the gain to counter the additional
optical losses due to incomplete confinement. In our device, the structure is based on a
single QW and cannot easily be repeated, due to the SOI substrate fabrication
technology. As a result, the optical confinement I" at A = 40 um is very weak, despite the
large refractive index discontinuity between Si and SiO,:'"’

I~ 271?2 (SSiO2/SSi)(SSi - SSioz)(d/K)z ~ 103 (7)

where d = 25 nm. Consequently, there is no significant difference between the optical
field intensity in the Si QW gain region and the doped poly-Si gate and substrate regions,
which are the regions of optical loss due to free-carrier absorption.

The gain in the Si quantum well can be estimated from the usual intersubband
absorption expression:'®

8l 2
n e (E,— E Zip
wel-g) ®)

(@) = ng heAE w

where AE is the subband energy broadening, ng; is the refractive index of Si, c is the
speed of light, and |z1,| is the overlap integral {ylz|x;) (in an infinite quantum well of
width W, |z1/W = 16/97%). Estimating the energy broadening in the Si QW to be AE ~ 5
meV, corresponding to monolayer fluctuations in the well width 7, and assuming strong
population inversion (n, — n;) = n, as predicted by Eq. (6), we obtain a gain a ~
350(15/10"") cm™ for our W =5 nm Si quantum well.

The optical losses in our device are due to free-carrier absorption in the poly-Si
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emitter, narrow doped region under the buried oxide (BOX), and the lateral contacts, as
well as possible absorption in the SiO, cladding layers. Free-carrier absorption in
heavily doped semiconductors o; ~ NA?, where N is the carrier concentration.' In n-Si,
absorption in the infrared was measured by Spitzer and Fan:** at T'= 77 K the absorption
for Si doped Npp, ~ 3x10'” em™ is roughly o; ~ 150 cm™ when extrapolated to A = 40 um.
Since the total thickness of the doped regions in our device is 40 nm whereas the
quantum well W = 6 nm, to overcome the free-carrier absorption losses we need to get
the sheet density 1, in the upper E, subband to reach at least 3x10'' cm?. The tunneling
current densities measured in the similarly designed VTT structure'” were far too small to
achieve such a charge density in the well, but a thinner SiO, tunnel barrier or possibly an
alternative dielectric barrier with a smaller barrier height*' could be used to increase the
current density. As for infrared absorption in SiO,, the lowest-energy absorbing mode in
the IR appears to be the Si-O rocking vibration at ~400 cm™, leading to strong absorption
near A = 25 um that dies out exponentially at longer wavelengths.” As a result, operation
at 2. = 40 pum should still be feasible, although it is interesting to note that SiO, absorption
poses a more stringent requirement on the minimum 2 of our proposed device than the
LO phonon energy in the Si QW.

The remaining question regarding the feasibility of SOI-based unipolar laser
concerns the uniformity of the Si QW on top of the BOX layer. The possibility of
thinning the Si channel by means of repeated sacrificial oxidation is a relatively recent
development,”** and the near-perfect control of layer thickness by epitaxy, crucial to
existing III-V QCL designs, is not yet attainable. As a result, devices based on the
existence of sharp 2D quantization in the QW suffer from the subband broadening due to
QW thickness nonuniformity.'> In our device, given a reasonable carrier density in the
well, the lateral diffusion of these electrons to the contact regions will not be affected by
the local potential dips and hills due to thickness fluctuations. At the same time, recent
reports of photoluminescence from Si QW down to 2 nm thickness sandwiched between
Si0, barriers on SOI indicate that thickness nonuniformity is dropping towards a single
monolayer.”® It is this monolayer nonuniformity that we assumed in Eq. (6) to estimate
the available gain.

3. Conclusion

We have proposed an intersubband laser in SOI, based on tunneling of electrons into a
higher-lying quantized subband of a Si QW followed by their lateral diffusion and
extraction at the contacts. The slow nonradiative relaxation between QW subbands that
are separated by less than the optical phonon energy leads to a reasonable diffusion
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length Lp and significant population inversion. The diffusivity in the upper level of the
intersubband transition is smaller than in the lower level, further contributing to the
population inversion. Despite weak optical confinement at A ~ 40 pm, for reasonable
QW carrier density the gain is sufficient to overcome the free-carrier absorption losses in
the thin doped regions of the device, e.g. the poly-Si gate layer from which the electrons
tunnel into the QW. The necessary technological ingredients for our device, such as a
uniform ultrathin Si QW on SOI, are almost within reach of modern SOI technology.
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