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Charge neutrality in semiconductor lasers
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A short theoretical review of the problem of charge neutrality in semiconductor lasers is presented. It is shown
that the global charge neutrality holds in laser structures at any pump currents both at steady-state and non-
stationary conditions. In the context of injection lasers with a low-dimensional active region, the charge neutrality
condition reads as equality of the total electron concentration in a bulk waveguide region and a low-dimensional
active region to the total hole concentration in those regions. It is shown that, due to the fact that at high injection
currents each of the electron and hole concentrations in the waveguide region is significantly higher than each of
these concentrations in the active region, the global charge neutrality condition in the laser structure at such currents
effectively reduces to the charge neutrality condition in the bulk waveguide region, and the local charge neutrality
in the low-dimensional active region does not have to hold.
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1. Introduction

The idea of using semiconductor lasers based on dou-
ble heterostructures was put forward more than sixty
years ago [1-4]. The advancement of new technological
methods for creating semiconductor laser heterostructures
began in the 70—80s of the 20th century: liquid phase
epitaxy (LPE) [5], metalorganic chemical vapor deposi-
tion (MOCVD) [6] and molecular beam epitaxy (MBE) [7]
have been developed. The use of these methods made
it possible to create lasers on double heterostructures
with a separate confinement, and then lasers with a
low-dimensional active region [8-10]. The band energy
diagram of a laser with a low-dimensional active region is
schematically shown in Figure [11]. The idea of using a
low-dimensional active region in semiconductor lasers was
proposed in Ref. [12]. Currently, one or more quantum wells
(QW) or one or more layers with quantum dots are used as
a low-dimensional active region [8-11,13-26].

Lasers with a low-dimensional active region demonstrate
improved performance compared to lasers with a bulk active
region [8,9]. In particular, the threshold current is noticeably
reduced in lasers with a low-dimensional active region and
the optical output power is increased.

This paper provides a brief theoretical overview of the
issue of charge neutrality in semiconductor lasers with
a two-dimensional active region (quantum well lasers).
The significance of this work is due, in particular, to
the fact that, in articles (see, for example, [27,28]), as
well as in monographs [29,30] devoted to the theoretical
consideration of semiconductor lasers with nanoscale active
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regions, it is often assumed that local charge neutrality
holds in the active region, and the dependence of internal
optical loss on the concentrations of charge carriers in
the waveguide and active regions is also not taken into
account. As discussed in Ref [31] [see the text in that
paper immediately after formula (13)], the use of these
two assumptions in the equation representing the laser
generation condition (the condition that optical gain equals
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Band energy diagram of a semiconductor laser with a low-
dimensional active region [11].
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total optical loss) immediately leads to the conclusion that
the concentration of charge carriers in the active region is
stabilized (pinned) above the generation threshold at its
threshold value, which, as discussed below, is not confirmed
experimentally.

In laser structures with a low-dimensional active region,
a broadening of the generation spectrum and an increase
in the intensity of spontaneous radiation in the waveguide
region at high pump currents beyond the generation thresh-
old were experimentally observed [32-35]. The broadening
of the generation spectrum with an increase in the pump
current was explained by an increase in the concentrations
of charge carriers in the active and waveguide regions.
Thus, it was experimentally found in Refs. [32-35] that the
concentrations of charge carriers continue to increase with
the pump current beyond the generation threshold in both
low-dimensional active and bulk waveguide regions, and
hence these concentrations depend on the pump current.
This means that, in the generation mode in lasers with a
low-dimensional active region, the concentration of charge
carriers does not stabilize (pin) at its threshold value
(see also Ref [36]). An increase in the concentration
of charge carriers beyond the generation threshold is an
important feature of lasers with a low-dimensional active
region, which significantly determines their output charac-
teristics. The theory explaining this effect and its impact on
the light-current characteristic and the internal differential
quantum efficiency of the laser was first developed in
Refs. [31,37].

Further studies in Refs. [38-43] showed that the con-
centrations of electrons and holes in a low-dimensional
active region can differ greatly from each other both at
the generation threshold [38,39] and above the generation
threshold [40-43], i.e., the local charge neutrality does not
hold in a low-dimensional active region.

2. Condition of global charge neutrality

The condition of global charge neutrality is proved here
strictly mathematically and, thus, is a theorem. It is derived
from the rate equations for electrons and holes in the bulk
waveguide and low-dimensional active regions of the laser.
In this paper, we consider a two-dimensional active region
consisting of undoped quantum wells placed in an undoped
waveguide region (optical confinement layer (OCL)).

The rate equations for a quantum well laser are presented
below [43]. The equation for free electrons in a bulk
waveguide region:
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the equation for free holes in a bulk waveguide region:
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the equation for electrons localized in the QW:
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the equation for holes localized in the QW:
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Equations (1)—(4) are nonlinear and thus describe a
nonlinear electron-photon system. The unknown quantities
in them are: n%l and p°‘“ — concentrations of free
electrons and holes in the bulk waveguide region, n?W
and p®V — two-dimensional concentrations of electrons
and holes localized in the QW, ny, — two-dimensional
concentration of stimulated radiation photons, f,, and f, —
occupancies of states corresponding to the lower edge of the
electron subband and the upper edge of the hole subband
of the size quantization in QW. It should be noted that all
of the above concentrations, as well as f,, and f,, depend
on the density of the injection current j.

The equations (1)—(4) also include the following para-
meters: b — thickness of the waveguide region, e —
electron charge, Now — number of identical (having the
same width and composition) quantum wells, v, capt,0 and
Up,capt,0 — capture velocities of electrons and holes into an
empty quantum well, 7,cc and 7, ¢ — thermal escape
times of electrons and holes from the QW into the waveg-
uide region, Bsp and Byp — coefficients of spontaneous
radiative recombination in the bulk (waveguide) region and
in the two-dimensional (active) region [15,44], ¢, — group
speed of light, g™ — maximum optical gain coefficient in
each QW.

The occupancies f, and f, are related to the two-
dimensional concentrations of electrons and holes in the
QW n?W and pW as follows [45-47):
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where N20 = mQ),T/(h?) are two-dimensional effective

densities of states in the conduction band and in the valence
band in the QW,; mgm are effective masses of electrons and
holes in the QW; T is the temperature in energy units.
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The thermal escape times of electrons and holes from
the QW into the waveguide region are given according to
Refs. [43,48]:
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where N2 = 2[mQStT/(27h?)] %% are three-dimensional
effective densities of states in the conduction band and in
the valence band in the waveguide region, mggL are effective
masses of electrons and holes in the waveguide region,
AE, , are conduction band and valence band offsets at the

hetero-interfaces of the QW and waveguide region, e and

ef}w are the energies of the lower and upper edges of the
electron and hole subbands of the size quantization in QW.
The capture velocities of electrons v, capt,0 and holes
Up,capt,0 from the waveguide region to the empty QW are
determined by the compositions and sizes of the QW and
the waveguide region [11] and do not depend on the
injection current. The finite (i.e., not infinitely high) values
of these velocities themselves reflect the fact that charge
carriers are not captured instantaneously in the active region
of the laser. The total capture velocities (capture velocities
taking into account the occupancy of the QW with charge
carriers [11,31,37,43,49]), determined by the expressions
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depend on the pump current [40] and, as can be seen
from (8), have lower values than the capture velocities
into an empty QW. Noninstantaneous capture of electrons
and holes into the active region, combined with sponta-
neous electron-hole recombination in the waveguide region,
leads to sublinearity of the laser light-current characteris-
tic [31,37,43].

It should be noted that capture velocities can also be
introduced for quantum dots. However, unlike QW, these
velocities are not characteristics of a single quantum dot,
but of an array of quantum dots (quantum dot ensemble).
These velocities can be expressed in terms of capture cross
sections, which are the intrinsic characteristics of a single
quantum dot [15,31,50].

We would also like to note here that the internal optical
loss, which depends on the concentrations of charge carriers
and consequently increases with the pump current, leads to
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an additional sublinearity of the laser light-current charac-
teristic, namely, to rollover of light-current characteristic at
high pump currents [51,52]. This loss is thus one of the
main factors limiting the optical power output in lasers with
a low-dimensional active region [51,52].

Adding up for electrons equation (1) and multiplied by
Now (number of QW) equation (3), as well as adding up
for holes equation (2) and multiplied by Now equation (4),
and subtracting the resulting equation for electrons from
the resulting equation for holes, we obtain the following
equation:

0

{2 + Nowp?™ ()]
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Equation (9) is a condition for total charge conservation in
the laser structure:

e[bp®(j) + Nowp?™ ()]
— e[bn®(j) + Nown®™ ()] = const(z). (10)

Since the laser structure is initially uncharged (const = 0),
equation (10) yields

bpo°t(j) + Nowp (j) = bn®(j) + Nown™ (j). (11)

Equation (11) holds for any pump current under both
stationary and non-stationary conditions and is a condi-
tion of global charge neutrality in a semiconductor laser
structure, according to which the total concentration of
electrons in the waveguide and active regions is equal to
the total concentration of holes in these regions. Each of
the four concentrations included in equation (11) changes
with the change in the pump current density j. However,
changes in these concentrations occur in such a way that
the condition (11) is fulfilled.

It should be noted that, in Ref. [53], the global charge neu-
trality condition was derived for lasers of a new design —
quantum dot lasers with asymmetric barrier layers. Due to
their improved characteristics, lasers of this design are more
promising than conventional quantum dot lasers (see, for
example, [54,55]).

3. Violation of local charge neutrality
in quantum wells

Despite a straightforward derivation of the global charge
neutrality condition from rate equations, properly taking this
condition into account is very important for understanding
and correctly describing physical processes in laser struc-
tures with a low-dimensional active region.

As discussed in Ref. [40], in quantum well lasers, the
concentrations of electrons and holes in the bulk waveguide
region significantly exceed the concentrations of electrons
and holes in the quantum wells themselves at high pump
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currents. The following conclusions can be drawn from [5] Zhl. Alferov, D.Z. Garbuzov, S\V. Zaitsev, A.B. Nivin,
this fact. A.V. Ovchinnikov, LS. Tarasov. FTP, 21 (5), 824 (1987) (in

1) As can be seen from the global charge neutrality
condition (11), the concentrations of electrons and holes in
the waveguide region should be close to each other at such
pump currents, and, thus, the global charge neutrality con-
dition practically reduces to the charge neutrality condition
in the waveguide region.

2) The concentrations of electrons and holes in quantum
wells can differ greatly from each other, i.e., there may be
a violation of local charge neutrality in the two-dimensional
active region of the laser (see also [56] for quantum dot
lasers).

4. Conclusion

A brief overview of the issue of charge neutrality in
semiconductor lasers is given. Due to the widespread use
of injection lasers, a proper account of this issue is required
for an adequate theoretical description of the performance
characteristics of such lasers.

The paper mathematically deduces the condition of global
charge neutrality in quantum well lasers. It is shown that
at any pump currents, both in stationary and dynamic
generation modes, the total concentration of electrons in
the bulk waveguide region and the two-dimensional active
region (quantum wells) is equal to the total concentration
of holes in these regions.

In the case of a spatially nonuniform distribution of
charge carriers in the waveguide region and a nonuni-
form occupancy of quantum wells by carriers, the charge
neutrality condition will include coordinate-averaged carrier
concentrations in the waveguide region and quantum well-
averaged carrier concentrations in the wells.

Funding

The work of Z.N. Sokolova was performed in accordance
with the state assignment of the loffe Institute of Physics
and Technology. L.V. Asryan’s work is supported by the
grant W911NF-25-1-0266.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] Zhl Alferov, RF. Kazarinov. USSR Inventors’ Certificate
No. 181737 (in Russian), Application No. 950840, priority
as of March 30, 1963.

[2] H. Kroemer. Proc. IEEE, 51(12), 1782
DOI: 10.1109/proc.1963.2706. ISSN 0018-9219

[3] ZhL Alferov, VM. Andreev, D.Z. Garbuzov, Yu.V. Zhilyaev,
E.P. Morozov, E.L. Portnoy, V.G. Trofim. FTP, 4 (9), 1826
(1970). (in Russian).

[4] R.F. Kazarinov. FTP, 7 (4), 763 (1973). (in Russian).

(1963).

Russian).

[6] R.D. Dupuis, PD. Dapkus. Appl. Phys. Lett., 31(7), 466
(1977).

[7] AY. Cho. Appl. Phys. Lett.,, 19 (11), 467 (1971).

[8] Semiconductor Lasers, ed. by E. Kapon (San Diego, CA,
USA, Academic, 1999).

[9] Zhl. Alferov. Rev. Mod. Phys., 73 (3), 767 (2001).

[10] H. Kroemer. Rev. Mod. Phys., 73 (3), 783 (2001).

[11] ZN. Sokolova, K.V. Bakhvalov, A.V. Lyutetskiy, N.A. Pikhtin,
LS. Tarasov, L.V. Asryan. Semiconductors, 50 (5), 667 (2016).

[12] R. Dingle, CH. Henry. US. Patent 3982207, September 21
(1976).

[13] Y. Arakawa, H. Sakaki. Appl. Phys. Lett., 40 (11), 939 (1982).

[14] N. Kirstddter, N.N. Ledentsov, M. Grundmann, D. Bimberg,
VM. Ustinov, S.S. Ruvimov, M.V. Maximov, P.S. Kop’ev,
Zh 1. Alferov, U. Richter, P. Werner, U. Gosele, J. Heydenreich.
Electron. Lett., 30 (17), 1416 (1994).

[15] L.V. Asryan, R.A. Suris. Semicond. Sci. Technol,, 11 (4), 554
(1996).

[16] LJ. Mawst, H. Kim, G. Smith, W. Sun, N. Tansu. Progr.
Quant. Electron., 75, 100303 (2021).

[17] M. Zenari, M. Gioannini, M. Buffolo, A. Tibaldi, C. De Santi,
J. Norman, C. Shang, M. Dumont, J.E. Bowers, R-W. Herrick,
G. Meneghesso, E. Zanoni, M. Meneghini. IEEE J. Select.
Topics Quant. Electron., 31 (2), 1500308 (2025).

[18] G. Kornyshov, Yu. Shernyakov, A. Beckman, A. Kharchenko,
A. Payusov, S. Mintairov, N. Kalyuzhnyy, O. Simchuk,
J. Tkach, V. Dubrovskii, N. Gordeev, M. Maximov. Appl. Phys.
Lett, 126, 171101 (2025).

[19] P-Y. Hsieh, A. Tsiara, B. O’Sullivan, A. MR Sharma,
D. Coenen, D. Yudistira, B. Kunert, J. Van Campenhout,
L. De Wolf. J. Lightwave Technol, 43 (12), 5811 (2025).

[20] N. Kleemann, R. Gjoni, N. Surkamp, C. Brenner, P. Scherer,
M. Van Delden, K. Kolpatzeck, V. Cherniak, J.C. Balzer,
M. Moehrle, M.R. Hofmann. Opt. Express, 33 (17), 35723
(2025).

[21] J. Kwoen, J. Jung, M. Kakuda, Y. Arakawa. Electron. Lett.,
61, 70308 (2025).

[22] P. Mishra, L. Jarvis, C. Hodges, A. Enderson, F. Albeladi,
Sl Gillgrass, G.M. Jandu, R. Forrest, C.P. Allford, H. Deng,
M. Tang, H. Liu, S. Shutts, PM. Smowton. IEEE Photonics J.,
17 (3), 0600606 (2025).

[23] V. Khatri, V. Sichkovskyi, L. Popilevsky, Y. Kauffmann,
G. Eisenstein, J.P. Reithmaier. ACS Photonics, 12, 3687
(2025).

[24] A. Obraztsova, I. Makhov, I. Melnichenko, K. Ivanov, N. Kry-
zhanovskaya, A. Zhukov. J. Lightwave Technol., 43 (15), 7278
(2025).

[25] A. Babichev, 1. Makhov, N. Kryzhanovskaya, A. Blokhin,
Y. Zadiranov, Y. Salii, M. Kulagina, M. Bobrov, A. Vasil’ev,
S. Blokhin, N. Maleev, M. Tchernycheva, L. Karachinsky,
I. Novikov, A. Egorov. IEEE J. Select. Topics Quant. Electron.,
31 (5), 1900208 (2025).

[26] Z. He, Q. Chu, F. He, J. Wang, Y. Yao, X. Xu, S. Zhao,
H. Huang, F. Grillot, J. Duan. Opt. Express, 33 (21), 44026
(2025).

[27] T. Kaul, G. Erbert, A. Maafidorf, S. Knigge, P. Crump.
Semicond. Sci. Technol., 33, 035005 (2018).

[28] J. Piprek. Opt. Quant. Electron., 51, 60 (2019).

Semiconductors, 2025, Vol. 59, No. 8



Charge neutrality in semiconductor lasers

461

29]

L.A. Coldren, SW. Corzine, M.L. Masanovic. Diode Lasers
and Photonic Integrated Circuits. 2nd ed. (Hoboken-N.J,
USA, Wiley, 2012).

AFJ. Levi. Essential Semiconductor Laser Device Physics.
2nd. ed. (Philadelphia, PA, USA, IOP Publishing Ltd., 2025).
L.V. Asryan, S. Luryi, R.A. Suris. IEEE J. Quant. Electron.,
39 (3), 404 (2003).

D.Z. Garbuzov, A.V. Ovchinnikov, N.A. Pikhtin, Z.N. Soko-
lova, LS. Tarasov, V.B. Khalfin. FTP, 25 (5), 928 (1991). (in
Russian).

N.A. Pikhtin, LS. Tarasov, M.A. Ivanov. FTP, 28 (11), 1983
(1994). (in Russian).

AYu. Leshko, A.V. Lutetsky, N.A. Pikhtin, G.V. Skrynnikov,
ZN. Sokolova, LS. Tarasov, N.V. Fetisova. FTP, 34 (12), 1457
(2000). (in Russian).

L.E. Vorobyov, V.L. Zerova, K.S. Borshchev, Z.N. Sokolova,
LS. Tarasov, G. Belenky. FTP, 42(6), 753 (2008). (in
Russian).

G.E. Shtengel, R.F. Kazarinov, G.L. Belenky, C.L. Reynolds, jr.
IEEE J. Quant. Electron., 33 (8), 1396 (1997).

L.V. Asryan, S. Luryi, R.A. Suris. Appl. Phys. Lett., 81(12),
2154 (2002).

N.A. Pikhtin, S.O. Slipchenko, Z.N. Sokolova, LS. Tarasov.
FTP, 38 (3), 374 (2004). (in Russian).

ZN. Sokolova, N.A. Pikhtin, LS. Tarasov, L.V. Asryan. Quant.
Electron., 46 (9), 777 (2016).

ZN. Sokolova, N.A. Pikhtin, LS. Tarasov, L.V. Asryan. J. Phys.:
Conf. Ser, 740, 012002 (2016). IOP PUBLISHING ISSN:
1742-6588

DOI: 10.1088/1742-6596/740/1/012002

ZN. Sokolova, D.A. Veselov, N.A. Pikhtin, LS. Tarasov,
L.V. Asryan. Semiconductors, 51 (7), 959 (2017).

ZN. Sokolova, N.A. Pikhtin, S.O. Slipchenko, L.V. Asryan.
Semiconductors, 56 (2), 115 (2022).

L.V. Asryan, Z\N. Sokolova. J. Appl. Phys., 115(2), 023107
(2014). dx.doi.org/10.1063/1.4861408

L.V. Asryan. Quant. Electron., 35 (12) 1117 (2005).

K.J. Vahala, CE. Zah. Appl. Phys. Lett., 52 (23), 1945 (1988).
L.V. Asryan, S. Luryi. Appl. Phys. Lett., 83 (26), 5368 (2003).
S.L. Chuang. Physics of Photonic Devices. 2nd ed. (N.Y,
USA, Wiley, 2009).

D-S. Han, L\V. Asryan. Nanotechnology, 21(1), 015201
(2010).

D-S. Han, L.V. Asryan. Appl. Phys. Lett., 92 (25), 251113
(2008).

L.V. Asryan, Y. Wu, R.A. Suris. Appl. Phys. Lett., 98 (13),
131108 (2011).

ZN. Sokolova, N.A. Pikhtin, LV. Asryan. J. Lightwave
Technol,, 36 (11), 2295 (2018).

ZN. Sokolova, L.V. Asryan. Semiconductors, 57 (8), 663
(2023).

L.V. Asryan. Quant. Electron., 49 (6) 522 (2019).

C. Hammack, L.V. Asryan. Electron. Lett., 60 (24), ¢70117
(2024).

C. Hammack, L.V. Asryan. IEEE J. Quant. Electron., 61 (1),
2000109 (2025).

L.V. Asryan, R.A. Suris. IEEE J. Select. Topics Quant.
Electron,, 3 (2), 148 (1997).

Translated by A.Akhtyamov

Semiconductors, 2025, Vol. 59, No. 8



