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Tunneling-Injection Quantum-Dot Laser:
Ultrahigh Temperature Stability

Levon V. Asryan and Serge Lunyrellow, IEEE

Abstract—\We propose a genuinely temperature-insensitive during the structure growth has been impressive; nevertheless,
quantum dot (QD) laser. Our approach is based on direct injec- even in the best devices the measured gain and spontaneous
tion of carriers into the QDs, resulting in a strong depletion of o mission spectra still indicate a significant QD size dispersion.
minority carriers in the regions outside the QDs. Recombination Phvsicallv. the effect of OD size di . is simil
in these regions, which is the dominant source of the temperature ysically, the efiect o Q SIz€ diSpersion @6 is similar
dependencel is ’[hereby Suppressed, raising the Characteris’[icto that due to recomb|nat|0n n the OCL in the sense that the
temperature T, above 1500 K. Still further enhancement of7, inhomogeneous line broadening is associated with undesired
results from the resonant nature of tunneling injection, which pumping of nonlasing QDs. So long as the electron and hole
reduces the inhomogeneous line broadening by selectively cutting populations in the nonlasing QDs are in equilibrium with those
off the nonlasing QDs. in the active QDs, the fraction gt,, arising f th -

, Ok L g from the recom
Index Terms—Quantum dots, quantum-well lasers, semicon- hination in nonlasing QDs depends @mand the characteristic
ductor heterojunctions, tunneling. temperaturdy, is no longer infinite. Quantitatively, the effect of
inhomogeneous broadening @j is further discussed below.
|. INTRODUCTION Still another mechanism of tHE-dependence of, is asso-
. ... Ciated with the violation of charge neutrality in QDs [14]. This
HE FIRST proposal of a semlconductor_ laser eXplo'tmﬁeads to a temperature dependence of the recombination current
quantum dots (QDs) as the active medium was put f%’ the lasing QDs themselves arising from the fact that carrier

ward by A_rakawa and_ Sakakiin 19_82 [1]. Ultrahigh temper‘?iopulations there are no longer fixed by the generation condi-
ture stability of operation was predicted to be one of the m

dvant fOD | tional N I n. Violation of charge neutrality is the dominant mechanism
advantages of QD lasers over conventional guantum-we (.Q temperature sensitivity at low temperatures [12] but is unim-
lasers. Nevertheless, despite significant recent progress in &?

T . o tant at 300 K. In this article, we shall not concern ourselves
fabrication of QD lasers [2]-[11], their temperature Stab'l't)évith this effect and assume charge neutrality

has fallen far short of expectations. Even though the best "€As will be shown below, elimination of the OCL recombi-

f‘#ltf for the tall—lmdportagt paran;teﬁéilst,hdesglﬁjmg emp;zcollyt nation alone results in a dramatic improvement of the tempera-
€ temperature dependence of the threshold current agasityy, o stability. To accomplish this we propose a novel QD laser
and defined adp = 1/(91n i, /9T), are quite respectable for

nowhere near the predicted “infinite” values that would allovlyninish the effect of inhomogeneous line broadening

one to regard the laser as temperature insensitive. Carrier injection by tunneling has been successfully tested in

. The d_?mlnant sbourc;e of tr,:e.éer?ﬁ eraglre d.e peoldongzﬁlof the context of QW lasers. Bhattacharya and coworkers [15]-[17]
IS parasilic recombination outside the QDs, primanly in e Ok ve realized tunneling-injection QW lasers and demonstrated
tical confinement layer (OCL). In the conventional design, t

?nproved modulation characteristics, lower wavelength chirp,

OCLis a conductlve_meollum where the QDS are em_bedded Ad superior high-temperature performance as compared to con-
such a way that carriers in the OCL and in QDs are in ther ntional QW lasers

equilibrium at room temperature. Consequently, the component
of 41, associated with recombination in the OCL depends expo-
nentially onZ" and the total threshold current becomes temper-
ature dependent [12]. A schematic view of the structure and its energy band dia-
Another mechanism of thE-dependence in QD lasers is thedram are shown in Fig. 1. Basically, we have a separate con-
inhomogeneous line broadening due to the QD size dispersfitement double-heterostructure laser. Electrons and holes are
[13]. Experimental progress in controlling the QD parametef@iected fromn- and p-cladding layers, respectively. The QD
layer, located in the central part of the OCL, is clad on both
sides by QWs separated from the QDs by thin barrier layers. In-
Manuscript received January 23, 2001, revised March 28, 2001. This WQikction of carriers into QDs occurs by tunneling from the QWs.
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tunneling rate to the QD recombination rate and is practically
independent of the temperature. Clearly, the escape tunneling
does not lead to a temperature dependence of threshold current;
nevertheless, in a sensible design, this form of leakage should
be minimized to lower the value gf,. A possible way of sup-
pressing the escape tunneling is illustrated in Fig. 1(b). It takes
advantage of the lower electron effective mass compared to the
hole mass, but uses this advantage differently on the electron-
and hole-injecting sides of the structure. On the p-side, when
the hole level in the QD is aligned with the hole subband in
the hole-injecting QW, the electron subband edge in that QW
will be necessarily above the electron level in the QD, thus sup-
pressing the tunneling escape of electrons. On the n-side, this
trick does not work, since the resonant alignment of the elec-
tron subband in the QW and the electron level in the QD does
not prevent tunneling of QD holes into the electron-injecting
QW. However, due to the effective mass difference, we can de-
sign a wider tunnel barrier on the electron-injecting side, such
that it effectively suppresses the tunneling escape of holes while
still being relatively transparent for electrons.

I1l. SUPPRESSION OF THEPARASITIC RECOMBINATION
CHANNELS

The general equation for the injection current density per unit
area of the junction is

(a) Schematic view and (b) the energy band diagram of a

b/2
tunneling-injection QD laser. The QWs and the QDs (not drawn to scale) aje= B3P / n(x)p(x) dx + eB?*P

assumed implemented in the same material, although this does not have to be —b/2

necessarily the case in general. The electron-injecting QW is wider than the
hole-injecting QW and both QWs are narrower than the QD to accomplish
resonant alignment of the majority-carrier subbands with the QD energy levels.
The tunnel barrier on the electron-injecting side is made thicker to suppress
the leakage of the holes from the QD.

2
S n2p0 1+ S p ) e @
j=1 QD

where
To realize this idea, the following conditions must be met.  B°” radi?ii(\)/)ei)constant for the OCL (given by [13,
. : €g. ;
1) The QW material and the thickness should be chosen sq, ;) ;)  densities of free electrons and holes in the
that the lowest subband edge in the injecting QW matches OCL:
the quantized energy level for the corresponding type of OCL thickness:

carrier in the average-sized QD (the QWSs may or may not 2D
n2P

be of the same material as the QDs). /
2) The barriers should be reasonably high to suppress the ’
thermal emission of carriers from the QWs.

N,
3) The material separating QDs from each other in the QD . SD

layer should have a sufficiently wide bandgap to suppress

2D

Ty

all tunneling other than via the QD levels. This material ¢ (4), £ola)

may be the same as that of the barrier layers;

4) The barrier layers should be thin enough to ensure ef-;

fective tunneling between the QW and QD states. At the

radiative constant for the QWs;

densities of 2-D electrons and holes in the two
QWs (J =1, 2);

surface density of QDs;

spontaneous radiative lifetime in QDs (given

by [13, eq. (8)]);

electron and hole-level occupancies in a QD of
sizea;

averaging over the inhomogeneously broad-
ened ensemble of QDs.

same time, the separation between the adjacent QDs in thghe free-carrier densities in the OCL, the 2-D-carrier densi-
QD layer should be large enough to prevent any signiffies in the QWSs, and the confined-carrier level occupancies in
cant tunnel splitting of the energy levels in neighboring,e QDs are related by rate equations [13], [18].

QDs (otherwise, such a splitting would effectively play The modal gain spectrum of a QD laser is given by

the same role as the inhomogeneous line broadening).

We should note that a fraction of injected carriers might not -y _ §7r2

recombine in the QD, but escape in a second tunneling step
into the "foreign" QW and recombine with the majority carriers
there. The size of this fraction depends on the ratio of the escape
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where 10 13
o fine structure constant;
€ dielectric constant of the OCL,; .
P Kane’s parameter; i
E photon energy:; o 5 leo €
~ =]
~ decay constant of the electric field along the trans- § =
verse direction in the cladding layers (to be found «
from the eigenvalue equation—see [13]); .
Ey(a) transition energy in a QD of size 0 . 1594
The maximum (saturation) value of the modal gain spectrum 0.0 0.5 1.0
peak is inversely proportional to the inhomogeneous line broad- Injection efficiency, jopliy,

ening (Ae) iy
( )m o Fig. 2. Reciprocal of the characteristic temperature against injection

~ 2 efficiency at room temperature. The dotted line depi¢ts, for the suppressed
max __ § ﬁ L h 1 N. 3) inhomogeneous line broadening;t” = co). The characteristic temperature
T4 Ve QD (A&)inhom b 1 '8 is indicated in the right axis. The value 1594 K corresponds to the minimum of
-+ - the 72" dependence on the rms of relative QD size fluctuations (see Fig. 3).

b

v

where¢ is a numerical constant (= 1/7 and$ = 1/v2m  the reciprocal of the characteristic temperature in the form (see
for the Lorentzian and Gaussian QD size distribution functiong,> eq. (23)])

respectively)\o = 27hc/Ey, andEy = Ey(a) is the transition
energy in the QD of the average size 1 _jop 1 <1 N jQD) 1
At lasing threshold, the peak spectral value of the modal gain To  jin T(?D Jin ) T™
equals the total losS§. This equation determines the values of
the electron and hole level occupancies at the lasing threshotthere 72" and 75" are defined similarly tol; for the
(In the absence of charge neutrality, one needs another relatimreshold current components associated with the recombina-
between the electron and hole level occupancies, which is dien in QDs [iqp(7")] and outside the QDs [the sum of the first
rived self-consistently from electrostatic considerations). Usitgo terms in (1)].
the evaluated level occupancies in the rate equations, one calfhe characteristic temperatufE)QD is much higher than
culatesn, p, andn3”, p3°, and eventually the threshold currenf{5™. Indeed, the value of ™ calculated for the first term
densityj;y, [see (1)]. in (1) is below 100 K at room temperature (see [12, Fig. 8]),
In the proposed structure, carriers cannot bypass the QDsvamereas the calculated value ZSfD due to inhomogeneous
their way from one QW to another. This means that QDs play tliee broadening is over 1000 K (see below). Hence, the charac-
role of a sole reservoir of electrons (holes) for the QW and theristic temperaturdy increases dramatically with increasing
OCL region adjacent tp-cladding (-cladding). Therefore, the injection efficiency (Fig. 2). When the entire injection current is
density of minority carriers in these regions will be negligibleconsumed in QDs, which is the case in the tunneling-injection
Hence, outside the QDs there will be no region in the structu@D laser, the dominant remaining contribution to temperature
where both electron and hole densities are simultaneously higependence is from inhomogeneous broadening and the char-
The electron density is high where the hole density is negligiblecteristic temperaturg, = T(?D should be very high.
and vice versa. This strongly suppresses the parasitic compofo evaluateZp in this limit, we first calculatejon =
nents of the threshold current [the first two summands in (1) Ns/7qp){fu(a)fp(a)) = (eNs/mqp) | fala)fp(a)w(a)da
which would otherwise give the main contribution to the termfwhere w(a) is the QD size distribution function], assuming
perature dependence. The spontaneous radiative recombinatiany,, ,,(a) are given by the Fermi—Dirac distribution function.
rate is nonvanishing solely in the QD layer. Expanding f, () abouta = @, correct to third order, we
With the parasitic recombination channels suppressed, witain (5), as shown at the bottom of the page, witeisethe
can expect only a slight temperature dependenge,of jop root mean square (rms) of the relative QD size fluctuations,
[Jqp Is given by the last term in (1)] caused by inhomogeneoys, = f.(a@), and 5;7 » and EQL » are, respectively, the first
line broadening. Defining the injection efficiency as the Q@nd the second derivatives of the quantized energigs
fraction of the total injection current, i.e., #sp/j, we canwrite  with respect to the QD size taken @at= @. For a Gaussian

4)

=2 ¢2 =4 =1 - = 2 2
a6 €, +E€ g € — - +E _
1-— 1-— P _ "0 Dy P (af —1
. —(Q-T) |- 2 - T+ A >] .
-0 _ 5
T g28 _ Je+er e oE, _ E24E2 _
2 (1_ n) T1_2_n_1(1_fn)+2 T21(2fn_1)
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Fig. 4. Characteristic temperature against fraction of the lasing QDs. As a

Fig. 3. Characteristic temperature against root mean square of relative %(;el, an ensemble of QDs of two characteristic sizes is considered (see the

size fluctuations (the bottom axis) and the inhomogeneous line broaden

Ae); =(lz’ = )a is). . PR . . i ne
(A&)innom = (2] +| PDaé (the top axis). The vertical dashed line indicate in the QDs of two sizes. The value of /T = 1.39, at whichTj is a minimum

s§™2x_The mean size of cubic QDs is takan = 150 A the first and the o : : ; ! :
second derivatives af, ;, with respect to the QD size are calculated using thfe0r r= 0.5 (see Fig. 5), is taken. The inset shows the density of states in QDs.

equations for the quantized energies in a 3-D infinitely deep square well.

endix). QDs of the larger size{) are assumed to be in resonance with the
S.A = ¢g,,2 — n,1 IS the separation between the quantized energy levels

in the QW, the lower is the probability of tunneling transi-

distribution, the full-width at half-maximum (FWHM) is tion that results in its capture by the QD.
(2v/21n2)8 ~ 26. In (5), the level occupancy at the lasing Selective injection means that the nonlasing QDs are not

threshold isf, = (1/2)(1 4+ 6/§™*), where ™= is the pumped either. As a result, the threshold current will decrease
maximum tolerable QD size fluctuation, beyond which n@nd the temperature stability ¢fi, will be further enhanced.
lasing is possible (see [18, eq. (25)]) This is shown in Fig. 4, wheré; is plotted against the fraction

The dependence @ = T,2° oné is nonmonotonic (Fig. 3). ” Of the lasing QDs. As — 1, Ty — oo [see also (A2)].
The decrease df; at small§ is due to the increasing thermal [N this article, for the purpose of a general discussion of the
population of the nonlasing QDs. At large QD size dispersiofdvantages of tunneling-injection QD lasers, we did not inten-
whens — §5%, F. must approach unity to satisfy the generat-'ona_”y focus on the specnjc details of the device _de3|gn. Cal-
tion condition. Full occupancy (quasi-Fermi levéls > k7)) culations for different possible structures are now in progress.

forces temperature independencejgh at the price of an ex-
tremely high total current. Needless to say, large QD size dis- IV. CONCLUSION

persion is not a desired limit. A novel approach to QD laser design has been proposed. The

As seen from Fig. 3, the device is practically temperature iapproach is based on tunneling injection of carriers into the QDs
sensitive over the entire range ®fwith even the smallest; and offers the possibility of achieving an ultrahigh temperature
(attained with a QD size distribution of FWHK46%) being  stability—the key desired advantage of QD lasers. Tunneling in-
over 1500 K. Such dj can be essentially considered infinitgection suppresses recombination outside the QDs, which is the
for most practical purposes. We emphasize that this dramatigin cause for the temperature dependence of threshold current
improvement results solely from the suppression of recombinga-QD lasers. The characteristic temperatiife~1500 K has
tion channels outside the active region. been shown to be attainable with tunneling injection. Still fur-

It interesting to note, however, that another still “finer” efther enhancement @f, is possible owing to an inherently sup-
fect in the proposed structure will further enhance its tenpressed pumping of the nonlasing QDs.
perature stability. This effect stems from the resonant natureln the proposed structure, the only remaining contribution to
of tunneling injection which leads to an effective narrowingemperature dependencejgf will result from the violation of
of the inhomogeneous linewidth. Indeed, such a mechanistmarge neutrality in QDs. The slight temperature dependence of
of injection inherently selects the QDs of the “right” sizejqp arises from the independent variationfaf@) and f,(@).
since it requires the confined-carrier levels to be in resonandaconstrained by neutrality the occupancies of the electron and
with the lowest subband states in the QW. When this cohele levels in the QD are no longer fixed by the generation con-
dition is met by the QDs of average size, i.e., when QDdition and become temperature dependent [12]. Consideration
with a = @ are resonant, the number of active QDs will bef the neutrality-violation effect in the tunneling-injection QD
maximized. Consider this situation. For QDs with > @, lasers is beyond the scope of this article. It suffices to point out
tunneling transitions can only be mediated by phonons. Thwat, in a conventional QD laser, the calculated valu&dfm-
rates of such transitions are much lower and can be saféhd by this effect is over 1000 K at room temperature (see [12,
neglected. Hence, QDs of sizes larger than the average areFég: 8]). Moreover, the resonant nature of tunneling injection
fectively cut off. Smaller-size QDs are also cut off, althougbkhould favor the correlation of the occupancies of any given QD
perhaps less efficiently, because their energy levels would Ingelectrons and holes. In an idealized structure, we can expect
pumped from higher-momentum states in the injecting QWiat all the active QDs will remain neutral and th&nwill be
subband. The higher the in-plane momentum of a 2-D carrigerally infinite.
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wherer = Ng 1/(Ns 1 + Ns 2) is the fraction of the QDs
contributing to lasing.

Fig. 5 shows the characteristic temperatiige(normalized
to T) as a universal function o /7. Note thatA plays the
role of inhomogeneous line broadening (contrast with Fig. 3).
Like in Fig. 3, a decrease dfy at smallA is caused by the
increasing thermal population of the nonlasing QDs. However,
the increase dfy at largeA occurs here for a different reason,
peculiar to the bi-modal ensemble of QDs we are considering. It
is simply explained by the decreasing thermal population of the
smaller-size QDs with increasiny. In contrast to the Gaussian
ensemble, this model does not show an asymptotic divergence
of Ty asin Fig. 3, since there is no critical analogous t@™2*

and increasing\ at a constant does not forcef,, — 1.

Fig. 5. Normalized characteristic temperatdig/T" (the left axis) against
normalized separation between the quantized energy levels in the QDs of two
sizesA/T (the bottom axis)Z, (in degrees Kelvin at room temperature) is
indicated in the right axis witt\ (in meV) indicated on the top axis. The inset
shows the density of states in QDs. The fraction of the lasing QPs9).5.

(1]

APPENDIX
CHARACTERISTIC TEMPERATURE 7j; FOR A
MODEL QD ENSEMBLE

(2]

To illustrate the effect of inhomogeneous line broadening, let
us consider a model ensemble of QDs of two characteristic sizeE’]
a; anda. Let us assume that QDs of the larger sizg) @are
lasing. In a conventional QD laser, the current density compo-4]
nent associated with the recombination in QDs is given by

CNS7 2 1

. e
Jop=——2 f2+ ; (A1) B
IR 2\
fn eXp T
[6]
where
Ns 1, Ns o surface densities of the QDs of two sizes;
S level occupancy in the QDs of the larger 7]

size;

1 Sseparation between the quantized energy
levels in the QDs of two sizes (we assumed (8]
fn = fp: €n,2 —€n,1 = €p,2 — €p, 1, and
the thermal equilibrium between QDs).
Equation (Al) illustrates the contribution to the temperature [9]

dependence ofgp in a conventional QD laser caused by in-

homogeneous broadening. It arises due to the thermal popula-
tion of those QDs that are not contributing to the lasing (in thiﬁlO]
model, they are lumped into one group of smaller size From

this effect alone, in the absence of any other mechanism for tem-

perature dependence, the characteristic temperature would be[flii]

nite (though very high)

G (E) ]

1—7r

A=ey 2 —6q

2

(12]
To
T =

(23]

(14]

[15]

(A2)
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