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ip laser for optical interconnect
ve a dramatic impact on the

orr
In this work, we demonstrate that these donor _impurigies
excess carrier lifetime and introduce detrimental many-body effects'such as linewidth broadening in the gain

medium. Linewidth broadening I'op¢ = 10 meV for undoped

nd Fgpi > 45 meV for Ge with doping level

up to 5.4x10' ecm™3, were extracted using photoluminesgénee spegtroscopy and pump-probe spectroscopy.

In addition, we observed that the excess carrier lifetime (

3 ns in undoped Ge to < 0.3 ns in doped Ge.

dropssby ore than an order of magnitude from

Silicon photonics exploits the CMOS infrastructure ag' do@ Ge films epitaxially grown on Si using Re-

and the asociated economies of scale to realize robu

integrated in complex photonics integrated circuits
short-reach interconnect applications’. Within thig p
form, Germanium (Ge) has been extensively used a
tical absorption material in high speed phot ctor

and electro-absorption modulators exploiting t ess,
ence of the direct band gap around 0.8 e\/x ver,

and cost-effective active'” and passive devices’’ g—\

Ho
Ge is also an inefficient light emitter due \&go es-
ence of an indirect band gap located ‘at“energies lower
than the direct band gap. To increase tﬂhﬂﬁency of
the light source, high n-type doping of Ge with P atoms

is considered’. Electrically drivi elasers that exploit
this mechanism have been previously demonstrated but
exhibit high threshold curr 1

280-510 kA /cm? for do? ;

10" ¢cm™2 due
to reduced carrier lifetime’
tion in carrier lifetime,4in adening effects have
a crucial impact on pected gain spectrum of highly
doped Ge layers x::iwill show in this work. This
e shape and full width at half

nsity of states model that allows to extract

t
th \ro;deging width Tope.

The_investigated set of samples consists of undoped
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.od Pressure Chemical Vapour Deposition (RPCVD)".
Undaped Ge films were obtained by growing a 1 pm thick
e Buffer on a 300 mm Si (001) substrate and thinning

lq,t\i‘r@down to 0.6 pm using chemical mechanical polishing

MP). This Ge buffer layer is 0.2% biaxially tensile
strained (originating from the mismatch of the thermal
expansion coefficients of Ge and Si) as measured by X-ray
diffraction. A few of the 0.6 pm undoped Ge films were
further thinned down to 0.2 pm, before growing P-doped
Ge layers on top using GeoHg and PHj3 as precursors’.
The doped layers were later rapid thermal annealed at
700°C for 30 s in order to activate the dopants and diffuse
them into the underlying 0.2 pm thick Ge buffer''. Us-
ing this strategy, active doping levels of 2.7x10' cm ™3,
4.5x10" cm™3 and 5.4x 10" cm ™3 were obtained as ver-
ified using secondary ion mass spectroscopy (SIMS) and
micro Hall effect (MHE) measurements. The atomic P
concentration profile measured using SIMS was uniform
and constant across the Ge layer.

Photoluminescence signals from these layers were ob-
tained using a micro photoluminescence (uPL) setup at
room temperature with a continuous wave laser of 0.532
pum emission wavelength and intensity of 30 kW /cm? as
the pump source. The photoluminescence signal from

TABLE I. Samples investigated and the corresponding broad-
ening width (Iopt) as extracted in this work.

Sample| Chemical P Active P Tiorr | T'Gauss
Name |Conc. (cm™?)|Conc.(cm™?)| (meV) |(meV)
A N/A N/A 10 £ 3 [10 £ 3
B 3.0x10™° 2.7x10" [ 50+ 5 [53 £ 5
C 5.6x10™° 4.5x10™ [52.5 £ 5[58 £ 5
D 7.2x10™° 5.4x10" [ 50+ 5 [53 £5
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FIG. 1. Normalized room temperature PL spectra of all samples listed in Ta’
undoped (Sample A) to 5.4x10'® em™ (Sample D). The measurement fesults are
30 kW /cm? at 0.532 ym. A small peak (dashed curve) at longer wavel

to the Lc — I'v indirect recombination process.

the sample was detected using a liquid nitrogen cooled

1.3 pm to 2.0 ym. In addition to the PL measureme
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I}Tﬁcb have doping levels increasing from
r a continuous wave pumping intensity of
gth is stib e for the doped samples and corresponds

ing due td the presence of dopants”’. Even aside from this

les B to D) are significantly broader than that of

Ex-InGaAs detector covering the wavelength range fror\Sj.QJ:d peak, the measured spectra for the doped layers
s, . (Sa

pump-probe spectroscopy was carried out to track th

carrier dynamics in Ge as a function of time and
wavelength. The pump probe spectroscopy setup u
100 fs pump pulses with a repetition rate of 1 en-
tered at a wavelength of 1.3 pm. The tempor SO
lution of the setup is 150 fs. A broadband Signal

0.85 pum to 1.7 pum wavelength was used as‘thesprobe.
The intensity of the pump pulses was var1 m 28 to
140 mW /cm?. The absorption of the pum in Ge

generates a high density of pho

free-carrier absorption (E; he optical bleaching
effect (OBE). This ch?é in 1s£itted light is con-
verted to a change i bM coefficient. By fitting
tﬁﬁhang in absorption coefficient

-piilse spectroscopy setup and the

e doped and undoped Ge layers, we es-
thbf the linewidth broadening present

response

the carriew, dynamics allows us to estimate
the carrier i etlmegi these layers.

rature PL spectra of undoped and
e lay§s are shown in Fig. 1. The dominant
n these spectra corresponds to the I'c —T',

dopant-induced band gap narrowing'>'®. In the doped
samples, a second emission peak can be observed at pho-
ton wavelengths between 1.8 ym and 1.9 pm. This peak
is attributed to the L. — I'y indirect transition originat-

ndoped Ge layer (Sample A). Such broadening was

Mso observed on doped Ge layers grown on 1 pum thick Ge

buffer that did not receive CMP. We believe this is related
to carrier scattering due to dopant incorporation in Ge.
But we restrict our studies to uniformly doped Ge layers
listed in Table I to ease our modelling efforts. In order
to study the extent of the broadening in these layers, we
fit the measured PL spectra using the van Roosbroeck-
Schockley (vR-S) relation under quasi-equilibrium:

(hw)?n,, fe (hw) (1 — £ (hw))
(mc)2h3 £, () — fo(hw)

Rsp(h/-‘-’) = ODirect (Aw) (1)
This equation relates the photon emission rate Rgp(fuw)
with the absorption coefficient apiyect(fiw). The ab-
sorption coefficient, without the presence of any carrier-
carrier scattering or carrier-phonon scattering that intro-

duce linewidth broadening, is expressed as:

me?[é - pey|
=— —Eq) (£ —f. 2
() = TP (s — B (8 ) ~ () (2
with
1 2m:3/?
p(hw — Eg) = o2 B2 hw — B (3)

This absorption coefficient assumes a simple quadratic
behaviour for the joint density of states, represented as
p(hw—E,)"". In this simple absorption model we neglect
exciton effects, as commonly done in the literature'”. We
can include carrier scattering physics by modifying the
absorption coefficient to:

Obicect () = /0 ” a(B)L (7w — E)OE )
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L(hw — E) = 5o

(6)

1
Py exp
with o = 0.425 X I'Gauss- The lineshape function
L(hw — E) broadens the absorption and recombination
spectra. This linewidth broadening can be classified as
inhomogeneous broadening, typically caused by statisti-
cal fluctuations in chemical composition, alloy stoichiom-
etry or thickness variations in quantum well/quantum
wire/quantum dot systems, and as homogeneous broad-
ening (or collision broadening), which is mainly related
to carrier-carrier scattering and carrier-phonon scatter-
ing. In the case of inhomogeneous broadening, the line-
shape function is typically a Gaussian function'®'", while
for homogeneous broadening, the lineshape function is
a Lorentzian function'”™”. When the two mechanisms
contribute to linewidth broadening, the overall line shape
is the convolution of the individual functions and is rep-
resented by Voigt integral. Since we are only intereste
in the overall broadening effect, we fit the measured P
spectra using Eq. 5 and Eq. 6 independently. Moreo

As a result, we attribute the broadening wid
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FIG.
doped and doped Ge measured at two different probe wave-
2

léngths for mp intensity of 112 mW /cm*, which results

in a ph excited carrier concentration of ~1.0x10' cm™3.
\ =

Infaddition to PL spectroscopy, pump-probe measure-

Ge films due to photo-excited carriers induced OBE and

estimating the contribution of each mechanism toghe fi- ments were performed on the four Ge samples. Fig. 2
nal broadening width is beyond the scope of this k. ““sshows the time dependent change in absorption of the
op

to be either I'ropr or Igauss, depending on the

- such

cedy ef-
literature'”.
b\qnd Eq.
which is

n shown in Ta-
carrieﬁ concentration.
iong are estimated
by solving a steady state

port continuity equati(?/w, re f}/radiative recombi-

nation coefficient (RI<€v"5 1071 ‘em3s~1) and Auger
recombination coeffigitng (C =5 x 1073 cm% ")) were
considered'”*%?*, Noreoyer, Shockley-Read-Hall carrier

lifetimes (7¢) 1d 0.3 ns were used for undoped
and doped Ge espeytive These carrier lifetime values
are supported bys«ghe pump-probe spectroscopy measure-
i this paper. The result from fit-

ting the I'c\— I'y, emiission is shown in Fig. 1 with the ex-
n&vidth listed in Table I. Since the ex-

Gauss are close to each other, we con-

at I'opty= 10 meV for undoped Ge and I'gpy > 45

Ge. This increased broadening is believed to be related to
the presence of scattering channels associated to dopants,
evidenced also by the presence of a L. — I'y recombina-
tion peak in the PL spectra.

L

FCA, when Ge was pumped with a pumping intensity
of 112 mW/cm?. The result shows the data extracted
at different probe wavelengths, for undoped and doped
Ge layers. Once the carriers are excited, the time nec-
essary for them to scatter from the I' to L conduction
valley is around 230 fs. Beyond this time all injected car-
riers are redistributed over the two valleys due to ther-
malization, similar to what would happen under normal
device operation. Therefore, in this work, we focus on
the transient absorption spectra extracted 1 ps after the
incidence of the pump pulse. When comparing the tem-
poral responses of the different samples, it is evident that
the carrier lifetime (7.) is an order of magnitude higher
in undoped Ge (3 ns) as compared to all doped Ge films
(< 3 ns). This behaviour was observed across a wide
range of pump intensities. In undoped Ge-films, the car-
rier lifetime is typically limited by the defective Ge/Si
interface’”?°. However, the drop in lifetime from un-
doped Ge to doped Ge is related to dopants”'”. From
the measurement results of Fig. 2, we extract the peak
change in absorption coefficient (—Aa), which represents
the OBE. The resulting spectra are shown in Fig. 3 for
all samples. Similar to what we observed for the PL
spectra (Fig. 1), the OBE spectra of the doped samples
are shifted towards longer wavelength due to dopant de-
pendent bandgap narrowing. In addition, for all doped
Ge films the OBE is suppressed and broadened with re-
spect to that of undoped Ge. The modeling results with
Iopt listed in Table I represent this trend as can be seen
in Fig 3 for a wide range of pump intensities. This


http://dx.doi.org/10.1063/1.5040153

AllP

Publishiqg(,

APL Linewidth Broadening

This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |

Measurement Measurement
Sample A Sample B
3000
— 28 mW/cm? — 28 mW/cm?
56 mW/cm? 56 mW/cm?
E 2000 m— 84 mW/cm? 2000 m— 84 mW/cm?
12 mW/em? 112 mW/cm?
L s 140 mW/cm?
3 10001 1000 1
|

0 T 0 T T {
1.50  1.55 1.60  1.65 1.50  1.55 1.60  1.65

Lorr Model Lorr Model
Sample A Sample B
3000 3000
IE 2000 A 2000 A
)
3 10001 1000 | N
|

0 T T 0 T T
1.50  1.55 1.60  1.65 1.50  1.55 1.60  1.65

Wavelength (Um) Wavelength (Um)
Gauss Model Gauss Model
S le A S le B
3000 ampre 3000 ampre «‘
T o0 ] ]
= 2000 2000
L
S 10001 1000
I

0 ; ; 1 0-
1.50  1.55  1.60 1.65 1.50
Wavelength (Um)

photo-excited carrier concentrati 1.0x10'° em 3.
inclusion of linewidth broadeni

coeflicient (or optical bleachi

of Ge and therefore does ?
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’e!pcirrier scattering events present

istently observed in both the PL
riments. To evaluate the im-

ping level of 5.4x10' cm™3 have a
40x than that of doped sample with
e doping level but a linewidth broadening of 10

a czgrier lifetime (7) of 3 ns (as for undoped

7,28

Iinnhry, we have studied the carrier scattering in-
inewidth broadening effects in P-doped Ge films,

by performing PL spectroscopy and femtosecond pump-

probe spectroscopy. Due to linewidth broadening effects,

we observed a significant increase in the full width at

half maximum of the PL spectra and suppressed optical
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(A extracted from Fig. 2 for a wide range of pump intensity, which results in
Modeling results of the change in absorption coef'ﬁcient with the

bleaching spectra for doped Ge when compared to un-
doped Ge. We extracted linewidth broadening I'gpy > 45
meV for doped Ge and I'opy = 10 meV for undoped Ge
by fitting the measured spectra with a density of states
model. In addition, the carrier lifetime (7.) is lowered
by more than one order of magnitude, from 3 ns in un-
doped Ge to > 0.3 ns in P-doped Ge due to dopants.
These results show that, despite these dopants are nec-
essary to make Ge an efficient light emitter, they intro-
duce detrimental scattering effects that strongly reduce
the potential of realizing an energy efficient on-chip laser
using P-doped Ge as the gain medium.
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