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We investigate, both experimentally and theoretically, the gain characteristics of modulation

p-doped 1.3 lm quantum dot lasers epitaxially grown on silicon. Gain spectra and transparency

points are measured for structurally identical lasers with varying levels of p doping in the active

region. A many-body model is employed to facilitate understanding of the material gain character-

istics. It has been found that appropriate p doping greatly reduces transparency and improves differ-

ential gain. It is also found that the improvements saturate with excessive doping because of the

increase in nonradiative carrier recombination. Published by AIP Publishing.
https://doi.org/10.1063/1.5040792

Realizing the epitaxial growth of semiconductor lasers

on silicon has been regarded as an important milestone for

integrating light sources in silicon photonics.1 However, the

large lattice mismatch between silicon (Si) and the grown

III-V material naturally introduces threading dislocations

(TDs) to the laser expitaxy. Quantum dot (QD) lasers, due to

the three-dimensional confinement of carriers, have been

experimentally proven to be far less sensitive to the damag-

ing effects of TDs as compared to quantum well (QW)

lasers.2 GaAs buffer layers employing strained-layer super-

lattices and thermal cyclic annealing can further prevent TDs

from propagating into the active region, reducing the dislo-

cation density from �1� 108 cm�2 to 7� 106 cm�2.2–4 Such

reduction in defect density results in drastic improvement in

device lifetime from �4.5� 103 h5 to extrapolated lifetimes

of �10� 106 h6 when aged at 35 �C.

As the material quality of QD lasers on Si approaches

that of lasers grown on native substrates, it is now of increas-

ing interest to realize devices with specialized functionality

(e.g., single-mode laser,7 mode-locked laser,8 and narrow

linewidth laser) within the monolithic integration platform.

For a directly modulated single-mode laser in a communica-

tion link, the power budget and bandwidth requirement

necessitate low threshold and high relaxation oscillation fre-

quency; a mode-locked laser requires a large extinction ratio

in the saturation energy between the gain region and the sat-

urable absorber; a narrow linewidth laser, by definition,

needs a small linewidth enhancement factor. These device

metrics, although generated by different applications, can all

be translated to the demands for lower transparency current,

higher material gain, and higher differential gain.9–11 In QW

lasers, such goals are accomplished by compressively strain-

ing the QW layers to increase the curvature in the valence

band.9 Engineering the strain profile in the QD active region

to optimize gain performance is not practical because strain

also greatly affects the lasing wavelength and the formation

process of the QDs.12 Instead, p-type doping is introduced in

the GaAs spacer layers between QD layers to lower the

quasi-Fermi level in the valence band, thereby providing

lower transparency and larger material gain.13 Previous

effort has demonstrated that p doping indeed improves over-

all gain characteristics of QD lasers.14,15 The impact of p
doping on the laser modulation response has been predicted

and verified.16–18 p doping has also been proved to facilitate

ground-state (GS) lasing in short-cavity lasers due to

improvement in the GS gain and hole-to-electron capture

rate ratio.15,19 However, the effect of p doping on the gain

performance in the QD active region has not been studied by

a first-principles gain model. Such a model would require

careful treatment of the many-body effects, which are crucial

to the calculation of the carrier scattering rate and, for the

same reason, homogeneous linewidth of the gain spectrum.20

The elimination of free or fitting parameters from the calcu-

lation grants more accurate assessment of the gain perfor-

mance in QD lasers.

In the present work, we demonstrate the direct measure-

ment of material gain and transparency current in QD laser

active regions with varying levels of modulation p doping. A

many-body gain model with scattering treated at the level of

quantum kinetic equations is employed to calculate the gain

spectra under the same scenarios. Inhomogeneous broaden-

ing and carrier recombination coefficients can then be deter-

mined by comparing the experimental and calculated gain,

without taking assumptions of other fitting parameters. We

show that appropriate p doping drastically improves the gain

performance by lowering transparency and increasing differ-

ential gain. As the p doping is further increased, the state-

filling effect, increased carrier scattering rate, and increased

nonradiative recombination will start to slow down the

improvements.

Three batches of the laser with unintentionally doped

(UID), 5� 1017 cm�3 and 1� 1018 cm�3 p-type dopanta)Email: z_zhang@umail.ucsb.edu
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concentrations in the active region are grown and fabricated.

The lasers are otherwise identical. The growth conditions and

device fabrication steps have been reported in detail else-

where.4 The p-type Beryllium dopants are introduced in a

10-nm thick GaAs region within the 40 nm spacer layer below

each dot-in-a-well (DWELL) layer. Given the dot density of

�5� 1010 cm�2, the selected doping concentrations corre-

spond to, on average, 0, 10, and 20 extra holes per QD.

After laser sample preparation, amplified spontaneous

emission (ASE) spectra are measured at different current injec-

tion levels for ridge lasers of dimension 3.5 lm� 1500 lm.

The mode-sum method21 is then employed to extract the net

modal gain from the ASE spectra. Afterward, transparency cur-

rent is directly measured for different wavelengths using a mod-

ulated external probe laser, utilizing the optical detection

property of the laser medium.22 The combination of the net

modal gain and transparency measurement allows the extrac-

tion of material gain in the laser active regions under investiga-

tion.23 The experimental setup has been described in detail in a

previous report.4

To calculate the laser gain, we first solve the equation of

motion for the electron-hole polarization pab

dpab

dt
¼ ixabpab � iXabðne

a þ nh
b � 1Þ þ Sc�p

ab þ Sc�c
ab ; (1)

where xab and pab are the renormalized transition and Rabi

frequencies, and na and nb are the electron and hole popula-

tions in states a and b. Dephasing contributions from carrier-

phonon and carrier-carrier scattering are given by Sc�p
ab and

Sc�c
ab , respectively. Details for their evaluation are described

in the literature.24 The input to the calculations is the elec-

tron and hole energy levels, as well as the optical dipole

matrix elements, computed using a Schr€odinger-Poisson

solver.25 The steady-state solution of (1) gives the material

gain according to

GM xð Þ ¼ � x
e0ncVE xð Þ Im

X
ab

labpab

� �
; (2)

where e0 and c are the permittivity and speed of light in vac-

uum, lab is the dipole matrix element, n is the background

refractive index, EðxÞ is the laser electric field amplitude, x
is its frequency, V is the DWELL volume, and the summa-

tion is overall QD and QW states. Note that material gain

should be approximately proportional to the difference

between the Fermi function in the conduction and valence

bands (GM ¼ Gmaxðfc � fvÞ).9 Consequently, it is instructive

to examine the degree of population inversion at different

doping levels. The average ground-state population as a

function of doping density and carrier density is shown in

Fig. 1(a). Evidently, p doping greatly increases the occupa-

tion probability of holes in the ground state at the valence

band, resulting in direct enhancement of population inver-

sion. It can also be expected that the state-filling effect would

prevent the additional p doping from creating the same

amount of population inversion. Indeed, the increase in the

ground-state hole population from the doping level of

5� 1017 cm�3 to 1� 1018 cm�3 is smaller than that from

1� 1017 cm�3 to 3� 1017 cm�3. Many-body effects, enhanced

by the local confinement of the carrier, greatly influence the

material gain in homogeneous QD population. As indicated

in Fig. 1(b), the introduction of a p-doping density of

1� 1018 cm�3 increases the carrier scattering rate by roughly

eight times compared to the UID case. This will result in a

broader homogeneous linewidth and lower peak gain, par-

tially negating the benefit of enhanced population inversion

created by p doping.

In the presence of inhomogeneous broadening due to

QD size fluctuations, we performed a statistical average over

a range of band-gap energies e:

Ginh
M ðxÞ ¼

ð1
�1

de
1ffiffiffiffiffiffi

2p
p

Dinh

exp

�
�
�

e� egffiffiffi
2
p

Dinh

�2�
GMðx; eÞ;

(3)

where eg is the InAs band-gap energy, and we assume a

weighting described by a normal distribution characterized

by an inhomogeneous broadening width Dinh. GMðx; eÞ is the

homogeneous gain in (2), with an added parameter e to indi-

cate that the homogeneously broadened quantities are com-

puted for a precise electronic structure. The material gain

spectra at different p-doping levels are shown in Fig. 2(a). It

FIG. 1. (a) Average ground state electron and hole populations versus

injected carrier density for different p-doping densities. (b) Carrier scattering

rate versus p-doping density for different injected carrier densities. Both

results are used in the gain spectrum calculations for a 7 nm In0.15Ga0.85As

QW layer embedding a density of 5� 1010 cm2 InAs QDs.

FIG. 2. (a) Computed room temperature material gain spectra for an injected

carrier density of 1011 cm�2 and 10 meV inhomogeneous broadening. The

spectra are for undoped (back curve) and p-doping density (with increasing

ground-state gain) 1� 1017 cm�3, 3� 1017 cm�3, 5� 1017 cm�3, and

1� 1018 cm�3. In the inset, the data points are measured for a UID QD laser

at 13 mA. The curves are calculated for 10 meV and 15 meV inhomogeneous

broadening (solid and dotted curves, respectively). The injected carrier den-

sity is 1.7� 1011 cm�2. All other parameters are the same as in Fig. 1. (b)

Measurement results of transparency points at different p doping levels. The

ordinate is labeled as quasi-Fermi level separation since it equals the photon

energy at transparency.
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can be clearly seen that, at the same carrier density and D inh,

higher material gain can be achieved with increased p-dop-

ing density. A more subtle observation, yet consistent with

the discussions of the state-filling effect and carrier scatter-

ing, can be made on the decline of the enhancement in mate-

rial gain with the same amount of additional p doping. A

direct consequence of increased gain at higher p doping is

the reduced current (carrier density) when the active region

reaches transparency [Ginh
M ðxÞ ¼ 0]. This is experimentally

verified by direct transparency measurement results shown

in Fig. 2(b). Comparing the experimentally measured gain

spectra and the ones calculated from theory permits estima-

tion of Dinh, which is hard to quantitatively determine experi-

mentally due to uncertainty of the homogeneous linewidth.

Such an extraction is shown in the inset of Fig. 2(a), in which

the measured gain spectrum closely matches the calculated

gain spectrum with Dinh ¼ 10 meV. Extraction at other dop-

ing levels generates very similar results. Another way to

determine Dinh is through its relationship with the spectral

width of the photoluminescence (PL) measurement. Our

samples show a typical PL full-width at half-maximum

(FWHM) of 28 meV, which, without surprise, corresponds to

Dinh of 10 meV.20 It is worth noting that a previous effort on

applying the same extraction technique to QD lasers on sili-

con reports Dinh � 20 meV.26 The 50% drop in Dinh show-

cases the improvement in material quality achieved in the

past few years.

Experimentally, gain spectra are measured at various

current injection levels up to threshold, while the model gen-

erates gain spectra as a function of carrier density. By match-

ing peak modal gain obtained using the two approaches,

reliable assessment of the carrier recombination coefficients

can be made. At each injected carrier density, the current

density can be written as

J ¼ 1

g
Jsp þ qdðAN þ CN3Þ
� �

; (4)

where g is the injection efficiency for the active region, which

is defined as the DWELL layers. Jsp ¼ 2ed
Ð1
�1 dxSðxÞ is the

spontaneous emission current [factor 2 accounts for 2 TE

polarizations in the QW plane, d is the thickness of the

DWELL, and SðxÞ is the spontaneous emission spectrum

calculated from the gain model through detailed balance27].

A and C are the fitting parameters related to the linear and

cubic nonradiative recombination terms. They are com-

monly attributed to Shockley-Read-Hall (SRH) recombina-

tion and Auger recombination, respectively. The results of

the fitting and other important device parameters from

experiment are listed in Table I. The sensitivity of the

extracted parameter to the measurement uncertainty has

been discussed in a previous report.26 Agreement between

measured and calculated gain is depicted in Fig. 3. The dif-

ferences between the shape of the gain curves when plotted

against current density and injected carrier density speak

volumes about the carrier recombination process introduced

by p doping. As indicated in Table I, the Auger coefficient

C remains relatively unchanged as doping density

increases. This is consistent with the un-enhanced Auger

recombination in the doped structure observed from PL28

and ASE14 measurements. It is worth mentioning that the

extracted C coefficient is larger compared to the previously

reported value in InGaAs/GaAs QD laser.29 A similar large

C coefficient has been reported before in InGaN LEDs30

and merits further investigation. The extracted SRH loss

coefficient A, on the other hand, increases by 10 and 20

times compared to the UID case when doping density

TABLE I. Parameters from measurements and fitting to theory.

Parameter Sample A Sample B Sample C

p-doping density Np (cm�3) UID 5� 1017 1� 1018

QD density NQD (cm�2) 5� 1010 5� 1010 5� 1010

Confinement factor C 0.067 0.065 0.065

Injection efficiency g 85% 85% 85%

Internal loss ai (cm�1) 7.9 7.9 7.9

Inh. broadening Dinh (meV) 10 10 10

Defect (SRH) loss coefficient A (s�1) 1.29� 108 1.31� 109 2.63� 109

Auger coefficient C (cm6 s�1) 1.71� 10�261.71� 10�26 1.85� 10�26

FIG. 3. (a) Peak modal gain versus current density. The points are from experiment. The curves are from calculated gain spectra such as shown in Fig. 2.

Fitting and measured parameters for calculations are listed in Table I. (b) Peak material gain per QD layer versus injected carrier density. The curves are from

the gain calculations. The curve fitting in (a) is used to extract the carrier density for each experimental data point. This allows the experimental data to be plot-

ted in (b). All other parameters are the same as in Fig. 1.
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reaches 5� 1017 cm�3 and 1� 1018 cm�3, suggesting increased

defect levels at the mid bandgap. Due to the increased carrier

loss at a doping level of 1� 1018 cm�3, the added gain in the

gain-carrier relationship [Fig. 3(b)] does not translate to a

further improved gain-current relationship [Fig. 3(a)].

It is of more practical importance to discuss the overall

effects of p doping on laser threshold. Based on calculated

gain characteristics and extracted recombination coeffi-

cients in Table I, the dependence of threshold current den-

sity on the doping level is plotted in Fig. 4. Due to higher

gain and lower transparency, as indicated in Fig. 3(b), the

p-doped lasers are expected to show reduced threshold

compared to the UID case. The laser threshold reaches min-

imum at around 5� 1017 cm�3, above which the threshold

starts to increase due to enhanced carrier recombination

and gain saturation. As it has been pointed out, practical

applications such as directly modulated lasers, mode-

locked lasers, and narrow linewidth lasers require high dif-

ferential gain (dG/dN). The increased slope in the gain-

carrier curves, hence larger differential gain, at elevated

doping densities depicted in Fig. 3(b) proves the advantage

of having a modulation p-doped QD active region in these

applications.

In summary, we have characterized the gain perfor-

mance of QD lasers with varied modulation p-doping density

through experiment and a first-principles gain model. The

excess holes introduced by p doping enhance population

inversion, which helps the laser reach higher gain and lower

transparency current. On the other hand, the state-filling

effect and the increased carrier scattering rate, reduce further

increase in gain per for the same amount of additional dopant

at higher doping density. p doping also creates increased

SRH recombination, which starts to saturate the gain-current

relationship above a certain doping concentration. Overall,

the introduction of appropriate p doping density in the QD

active region will result in reduced threshold and increased

differential gain, making QD lasers more competitive light

sources for data communication, where energy efficiency,

modulation speed, and spectra purity are crucial.
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