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ABSTRACT

In this paper, results from a numerical study on characteristics of plasmon-polar
phonon coupled modes in InAs p-i-n diode structure are presented. A superposition
phenomenon of two new modes in frequency spectra of built-in electric field was
observed when plasmon-polar phonon interaction was taken into account. Besides,
a dependence of modes frequencies on carrier density is found to be similar to
dispersion relations of bulk plasmon-polar phonon coupled modes. Consequently,
these two new modes can be acknowledged as plasmon-polar phonon coupled
modes in diode structure. Furthermore, replicated small amplitude modes due to

clipping by diode structure are also found.

Keywords: InAs, p-i-n diode structure, plasmon-polar phonon interaction, coupled

mode, terahertz frequency.

1. INTRODUCTION

Terahertz (THz) radiations have attracted much attention due to their potential
applications such as imaging and spectroscopy [1, 2]. However, due to high costs of the
current THz devices, it is imperative to find cheap THz radiation sources for more
popular applications. THz radiations from surfaces of semiconductor nanostructures
excited by ultrashort laser pulses promise to be potential solid-state THz sources [3-9].
When semiconductor surfaces are illuminated by ultrashort laser pulses then ultrafast
charge transport, coherent optical phonons and coherent collective oscillation may
appear altogether and lead to transient THz emissions [4-6]. Furthermore, in systems in
which there are simultaneous plasmons and longitudinal optical (LO) phonons, there
would exist interaction among them resulting in their coupled modes [10]. The existence
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of coupled modes would affect the properties of such systems. Therefore, it is necessary
to study characteristics of coupled modes.

InAs p-i-n diode structure could be a promising THz source due to both ultrafast
acceleration of carriers and plasma oscillation. Recently, InAs has been studied
extensively due to the fact that it has small effective masses of electrons and holes [11,
12], resulting in ultrafast carrier dynamics. InAs has also been reported to generate THz
waves whose radiation intensity is an order higher than those of wide band-gap
semiconductors such as InP and GaAs under similar experimental conditions [13].

Among many theoretical approaches, self-consistent ensemble Monte-Carlo
(EMC) method is a decent choice for studies of semiconductor devices with high
accuracy and stability, although it is merely a semi-classical approach [14, 15]. This semi-
classical method is especially suitable for investigating submicron devices [16a, 20-22],
compared with high-accuracy but very time-consuming methods such as Green’s
function [14], or low-accuracy but fast-computing methods such as drift-diffusion model
[16a]. Besides, this EMC method has been effectively utilized to explore THz radiation
emitted from nanostructures [17-19, 22-24].

In this research, plasmon-polar phonon coupled modes in InAs p-i-n diode
structure was studied with an adapted Monte Carlo method [16a, 17]. Five different
scatterings were used including impurities, acoustic phonons, non-polar and polar
optical phonons, and plasmons scatterings. Time evolution of carrier distribution [25] is
assumed following profile of laser pulses to thoroughly update ultrafast carrier
dynamics at initial stage after excitation. It is assumed that a usual 3-valley model of
hyperbolic dispersion relations is applied for conduction band. Double-mode
phenomenon in frequency spectra of built-in electric field was observed. Moreover,
bulk-like dispersion relations of these modes were found. Therefore, these two modes
are thought to be plasmon-polar phonon coupled modes in diode structure. Replicas of
small amplitude modes due to clipping by diode structure were also found.

The main content of the paper is organized as follows: sections 2 and 3 describes
model and numerical analysis, together with findings and discussion; and section 4
presents conclusive remarks.

2. MODEL AND METHOD OF CALCULATION

The following is a description of a model of InAs p-i-n diode structure. The p-i-n
diode structure are assumed to contain p-type and n-type layers connecting by an
intrinsic (i)-layer as in Fig. 1 with the thickness of d , d,, and d,, respectively [9]. There

are some origins of carriers inside the diode structure. There is a small number of
intrinsic carriers from intrinsic layer and also a small amount of doped carriers from p-
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type and n-type layers. Moreover, there is a majority of photoexcited carriers when diode
structures are irradiated by laser pulses. The carrier distributions, as well as all other
parameters, are initialized at the beginning of simulation according to model setup [26].

i-layer

t"\ di

dp

Fig. 1. Model of InAs p-i-n diode structure.

In our study, plasmon-polar phonon coupled modes in InAs p-i-n diode
structures (or diodes) is investigated through built-in electric field. The built-in field is
induced by all electric charges in a device, including free carriers as well as positive and
negative ions. The biased field is considered as an external field so it must be set to zero.
When there is a small amount of intrinsic and doped particles, oscillation of built-in
electric field mainly comes from collective oscillations of photoexcited carriers. The
wave-shape of built-in electric field is expected to be significantly affected by plasmon-
polar phonon interaction if it exists. Therefore, characteristics of coupled modes can be
revealed through analyzing built-in electric field and its Fourier transform. Fourier
transform is found by fast Fourier transform algorithm integrated with a moving
average filter to remove random noise of time domain signals and Hamming window
filter to improve interpretation of frequency spectrum [27a].

The plasmon-polar phonon interaction leads to coupling between their modes
when their frequencies are close to each other. That coupling is an interesting
phenomenon that is described through a crossover behavior of curvature mode
frequency versus carrier density. When the coupling exists, it is likely to see the
appearance of two new modes, namely, coupled modes with their frequencies calculated
as [10]

o’ =%[(a)$+a)fo)i\/(a)§+a)fo)2—4a)foa)§ , (1)

Where w;, and w;, are LO and transverse optical (TO) phonon frequencies and w, is

plasma frequency [16b]
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W = ext , (2)

The plasma frequency depends on some constant parameters such as static
dielectric constant ¢,, reduced mass of electron and hole x, and electronic charge e.

Moreover, plasma frequency is an increasing function of carrier density N, , which is a

changeable parameter. For bulk InAs, plasma frequency can be turned into THz band by

3 and hence, making plasma

adapting carrier density being larger than 10" cm"
oscillation a tunable THz radiation source. Although sizes of layers in p-i-n diodes
decrease to nanoscale, the material may remain its bulk properties. Thus, it may be

expected to see similar coupling phenomenon in these structures.

The built-in electric field in InAs p-i-n diodes is found through Poisson’s
equation. However, Poisson’s equation is only applied for homogeneous material [16c].
Therefore, to study dynamically interaction among plasmons and LO phonons, it is
necessary to add one more term to the right-hand side of Poisson’s equation as [9]

p(7,t) + p,(7,1)

o

V3p(7,t) = —4m

, 3)

where p(7,t) is usual density of charge carriers and p,(7,t) is additional density of lattice
polarization due to LO phonons, and ¢ is optical dielectric constant. The electric
potential is found by solving Eq. (3) using finite difference method [28]. The transient
built-in electric field at a grid point n and at a time f is determined through two
neighboring electric potentials as

¢ (t) — 41 ()

B, = oSl @

where Az is distance between two grid points.

3. RESULTS AND DISCUSSION

Firstly, simulation parameters are introduced. Zero bias is then applied to
consider effect of plasmon-polar phonon interaction on built-in electric field, which
results mainly from photoexcited carriers. Photoexcited carriers are distributed

randomly in diode according to Beer’s law. The carrier density, N,,, is taken from

ext /
0.5x10'" to 4.5x 10" cm™, which satisfies coupling condition. The doping densities are
N, =1.0x10" em™® and N, =1.0x10"" cm™. The thicknesses of the doping layers and

the intrinsic layer are d, =d, =11nm and d; =410nm, respectively. The effective

masses of electron and hole in I, L and X valleys are m,, = 0.023 m,, my, =0.41 m,,
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my, = 0.29 my, my, = 0.64 mg, with m, being the bare mass of an electron. The bandgap
is B}, = 0.354eV, and the distance among T' and L valleysis AE}, = 0.73eV and among
Iand X valleys is AE., =1.02eV [11, 12, 29]. The photocarriers are assumed to be

excited by a laser beam with photon energy of 0.5 eV, which is larger than the above
material bandgap [9]. The static and high-frequency dielectric constants of InAs are
g, = 15.15 and ¢ = 12.3. The frequencies of LO and TO phonons are w,,=7.01 THz

and w,,= 6.44 THz [30]. The time and space are discretized into infinitesimal intervals

of 0.20 fs and 8 A, respectively.

Calculations are performed as follows. The intrinsic and doped carriers are
injected and then are simulated until they get stable states. Then the photocarriers are
excited in the diodes. The dynamics of all carriers, which forms built-in electric field, is
simulated by the adapted Monte-Carlo method [17, 16a, 31]. The built-in electric field is
monitored at the middle of i-layer for most stable data due to its longest distance to
interfaces. The built-in electric field and its Fourier spectra are then drawn to investigate
plasmon-polar phonon coupling interaction. With small time step and fine space grid as
well as good Fourier transform tool, calculations may show clearly the effect of
interaction. Calculation results are presented in Figs. 2-7 below.

It is hypothesized that plasmon-polar phonon coupling interaction significantly
affects built-in electric field. Therefore, coupled modes are studied through the effect of
coupling interaction on built-in electric field. It is expected that coupling interaction in
InAs p-i-n diodes occurs when frequencies of LO phonons and plasmons are close to
each other. In bulk InAs, plasma frequency is close to frequency of LO phonons, 7.01
THz [30], when density of carriers reaches 2x 10" c¢m™. In search of coupling
interaction in range of the above density, Fourier transform of transient built-in electric
field in the case without interaction is drawn (Fig. 2). The frequency spectrum is then

drawn with a photocarrier density of N_, =2 x 10" cm™ at which there exists a bulk

plasma oscillation with frequency of ~7 THz (marked by a two-headed arrow in Fig. 2).
There are many peaks in frequency spectrum. The biggest peak, which overlaps bulk
plasma peak, is attributed to main device plasma peak. The majority of particles in
device are photocarriers; therefore, main device plasma oscillation is proposed to mostly
come from photocarriers. There are also lower peaks, which are treated as fluctuations
to main device plasma peak. The origin of these small peaks is explained in later
discussion.
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Fig. 2. Fourier transform spectrum of built-in electric field without plasmon-polar phonon
interaction with carrier density of 2 x 10" cm™ .

To compare with results obtained in Fig. 2, frequency spectrum of transient built-

in electric field in presence of plasmon-polar phonon coupling interaction is shown in

Fig. 3. Positions of bulk plasmon-polar phonon coupled modes, L, (bulk) and L_ (bulk),

are also pointed out for a comparison purpose. From Figs. 2 and 3, it can be seen that
frequency spectra of transient built-in electric field in InAs p-i-n diodes are transformed
significantly when coupling interaction is taken into account. Opposite to the non-
coupling case, in which a wide plasma peak is observed (Fig. 2), a double-peak
phenomenon is seen (Fig. 3). There appear two big peaks in spectrum, which deviate to
the left from bulk counterparts. These peaks are credited to be coupled modes of device
due to coupling interaction. A peak, namely peak L, (diode), stays in the band of

proposed plasma peak in p-i-n diode (see Fig. 2). Besides, there is another peak, peak L_
(diode), which could not be seen in Fig. 2; however, it develops sharply in Fig. 3.
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Fig. 3. Fourier transform of built-in electric field in  Fig. 4. Fourier transform of built-in electric field

presence of plasmon-polar phonon interaction in presence of plasmon-polar phonon interaction

with carrier density of 2 x 10'" cm™. with carrier density of 3 x 10'" cm™.
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Fig. 5. Fourier transform of built-in electric field in presence of plasmon-polar phonon

interaction with carrier density of 4 x 107 c¢cm™.

To definitely confirm the origin of the double-peak phenomenon above, other

cases of carrier density, N_, = 3x 10" ¢cm™ and N_, =4 x 10" cm™, are considered

as seen in Fig. 4 and Fig. 5. These density values deviate from 2 x 10" c¢m™, i.e., the
specific density suitable for occurrence of double-peak phenomenon under coupling
interaction. In these cases, coupling interaction is proposed to weaken because coupling
condition is just partly satisfied. That fact leads to a gradual decrease of double-peak
phenomenon and peak L_ (diode) is gradually fuzzy. In both cases, two major peaks

are observed but their positions are all shifted to the right compared to peak positions in
Fig. 3, and peak L_ (diode) is lowered as proposed above. Moreover, the dependence of

peak positions on carrier density in Figs. 3, 4 and 5 looks like bulk coupling dispersion
relations. It is genuinely interesting if device dispersion relations look like bulk
counterparts because it further supports our hypothesis that the two largest peaks are
coupled modes in diode. To check that assumption, center positions of device peaks
versus corresponding carrier density, which can be treated as device dispersion
relations, are drawn, as seen in Fig. 6 (dashed lines). Besides, bulk coupling dispersion
relations (solid lines) are also drawn for a comparison purpose. It is seen that device
dispersion relations and bulk counterparts almost obey the same rules. These results
support our hypothesis that the origin of the above double-peak phenomenon is
plasmon-polar phonon coupling interaction.
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Fig. 6. Coupling dispersion relations in two cases: InAs p-i-n diode (dashed lines), and bulk
InAs (solid lines).

In Figs. 3, 4 and 5 all other peaks with smaller amplitudes are seen. They seem to
repeat from one peak at a certain repeating rate. The repeating can be seen clearest in
Fig. 5. Suppose peak No. 1 in Fig. 5 is also a plasma peak in diode but originating from
doped carriers of p and n-layers, the doped carriers exist in diode before photocarriers
are excited, and doped carriers are accompanied by their own plasma oscillation,
namely, doped plasma. When there are photocarriers, there also exists their own plasma
oscillation, namely, main device plasma. Both these plasmas of doped carriers and
photocarriers oscillate independently for a long time until they merge into a combined
oscillation due to drift movement of carriers under built-in electric field. Therefore, if
electric field is measured in the femtosecond time scale as in this case, superposition
signal of those two plasma oscillations can be seen. Consequently, in frequency spectrum
of the electric field, two separate plasma peaks will be seen. Moreover, other small peaks
appear to be replicas of peak No. 1 at a certain repeating rate. In other words, their
frequencies seem to be results of multiplication of an integer with frequency of peak No.
1. It is proposed that this phenomenon is consequence of peak clipping by diode [27Db].
If a larger frequency range is considered, more repeated peaks can be seen. In this case,
diode works as a high-order harmonic generator [32].

In our previous work, plasmon-polar phonon coupled modes in GaAs p-i-n
diodes have been studied [9]. Double-mode phenomenon in frequency spectrum of
built-in electric field has been found when plasmon-polar phonon interaction is taken
into account. However, spectra in GaAs and InAs p-i-n diodes are different from each
other. Peaks observed in InAs p-i-n diodes are broader than ones archived in GaAs
counterparts. The reason is related to effective masses of electrons and holes in devices
[9]. In addition, in this study of InAs p-i-n diodes, bulk-like dispersion relations of
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coupled modes, which have not been archived in GaAs p-i-n diodes before due to limit
of calculation, are found. Furthermore, an interesting phenomenon related to mode
clipping (Figs. 3, 4 and 5), which has not been observed in GaAs p-i-n diodes before, are
noticed.

4. CONCLUSION

So far, characteristics of plasmon-polar phonon coupled modes in InAs p-i-n
diodes have been studied. To reveal the role of coupled modes, built-in electric field is
calculated in both cases, with, and without, plasmon-polar phonon interaction. Double-
peak phenomenon in frequency spectrum of built-in electric field with coupling
interaction was observed. In addition, those two peaks lie in THz range and deviate from
two coupled modes of InAs bulk semiconductor. Moreover, bulk-like dispersion
relations of plasmon-polar phonon coupled modes of diode were found. These results
support our assumption that the origin of double-peak phenomenon is plasmon-polar
phonon coupling interaction. In other words, these results reveal the significance of
coupled modes. Therefore, coupling interaction should be considered in the cases in
which there are suitable conditions for the existence of coupling phenomena. Finally,
replicas of small peaks due to peak clipping by diode was found, which is an interesting
phenomenon that could not be seen in bulk semiconductor.
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CAC MODE KET CAP PLASMON - PHONON PHAN CUC
TRONG CAU TRUC PI-OT InAs

Lé Thi Ngoc Bao!, Lé Thi Diéu Hién!, Dinh Nhw Thao?*
'Treong DPai hoc Khoa hoc, Pai hoc Hué
2Truong Dai hoc Su pham, Dai hoc Hué
*Email: dnthao@hueuni.edu.vn; lthbao@husc.edu.vn
TOM TAT

Bai bdo trinh bay cic két qua mod phong sd vé ddc trung ctia cac mode két cdp
plasmon—phonon phan cuee trong cu trac di-6t InAs dang p—i—n. Khi xét dén tuong
tac plasmon—phonon phén cuc, hién tuong chong chap ctia hai mode méi trong pho
tan sO ctia dién truong bén trong duwoc quan sat. Ngoai ra, sy phu thudc tan s6 cua
cac mode vao mat do hat tai cho thdy c6 su tuong dong véi hé thike tan sdc ctia cac
mode két cap plasmon—phonon phéan cuc trong vat liéu khéi. Do d6, hai mode méi
nay c6 thé duoc xac dinh la cdc mode két cap plasmon—phonon phén cuc trong cdu
tric di-0t. Hon nita, mét dai mode c6 bién d6 nho xudt hién do hiéu ting cit bién boi

cdu truc di-6t ciing da duoc tim thdy.

Tt khoa: InAs; cau tric di-6t p—i—n; twong tac plasmon—phonon phan cuc; mode két

cdp; tan sO terahertz.
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thuyét va Vat ly toan tai Vién Vat ly, Vién Han 1am Khoa hoc va Coéng
nghé Viét Nam. Nam 2004, 6ng tot nghiép Tién si chuyén nganh Khoa
hoc vat liéu tai Vién Khoa hoc va Cong nghé Tién tién Nhat Ban (JAIST).
Nam 2013, 6ng dwgc bd nhiém chitc danh PGS. Tt ndm 2005 dén nay
ong giang day tai Trueong Dai hoc Su pham, Dai hoc Hué.

Linh viec nghién cizu: Vat ly ly thuyét va vat ly toan.

Lé Thi Ngoc Bao sinh ngay 31/10/1983 tai thanh ph6 Hué. Nam 2006, ba
tot nghiép Ctr nhan khoa hoc nganh Vat ly tai Trueong Dai hoc Khoa hoc,
Dai hoc Hu€. Nam 2009, ba t6t nghiép Thac si chuyén nganh Vat 1y 1y
thuyét va Vat ly toan tai truong Dai hoc Suw pham, Pai hoc Hué. Nam
2020, nhan béang Tién si chuyén nganh Vat ly 1y thuyét va Vat ly toan tai
Truong Dai hoc Su pham, Pai hoc Hué. Ttr ndam 2006 dén nay, ba la
giang vién ctia Khoa Vat ly, nay la Khoa Dién, Dién t&t va Coéng nghé vat
liéu, Truong Pai hoc Khoa hoc, Pai hoc Hué.

Linh viee nghién civu: Vat ly ly thuyét va vat ly toan.

Lé Thi Diéu Hién sinh ngay 03/02/1989 tai thanh phd Hué. Nam 2011,
ba t6t nghiép cit nhan nganh Vat ly Tién tién tai Truong Pai hoc Sw
pham, Dai hoc Hué. Nam 2013, ba tot nghiép thac si chuyén nganh Vat
ly ly thuyét va vat ly toan tai truong Pai hoc Su pham, Dai hoc Hué.
Nam 2023 t6t nghiép Tién si chuyén nganh Vat ly ly thuyét va Vat ly
toan tai truong Pai hoc Suw pham, Dai hoc Hué. Ba giang day tai truong
Dai hoc Khoa hoc, Dai hoc Hué.

Linh viec nghién civu: Vat liéu cd cdu triac nano, mo phong ly thuyét.
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