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It is important to determine quantitatively the internal carrier loss arising from heating and barrier height variation

in a vertical-cavity surface-emitting quantum well laser (VCSEL). However, it is generally difficult to realize this goal

using purely theoretical formulas due to difficulty in deriving the parameters relating to the quantum well structure.

In this paper, we describe an efficient approach to characterizing and calculating the carrier loss due to the heating

and the barrier height change in the VCSEL. In the method, the thermal carrier loss mechanism is combined with gain

measurement and calculation. The carrier loss is re-characterized in a calculable form by constructing the threshold

current and gain detuning-related loss current using the measured gain data and then substituting them for the quantum

well-related parameters in the formula. The result can be expressed as a product of an exponential weight factor linked

to the barrier height change and the difference between the threshold current and gain detuning-related loss current.

The gain variation at cavity frequency due to thermal carrier loss and gain detuning processes is measured by using an

AlInGaAs–AlGaAs VCSEL structure. This work provides a useful approach to analysing threshold and loss properties

of the VCSEL, particularly, gain offset design for high temperature operation of VCSELs.
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1. Introduction

Barrier height variation of a quantum well and

self-heating in a vertical-cavity surface-emitting laser

(VCSEL) are two important physical processes af-

fecting device properties, such as quantum efficiency,

threshold current, lasing power of devices, etc., as

these processes are able to cause the carrier number for

recombination or the cavity gain and loss to change.

Therefore, the determination of the heating and the

barrier height induced carrier loss is always necessary

in VCSEL design in order to achieve optimal device

properties. In theory, the carrier loss related to the

temperature and barrier height of the well can be de-

scribed with the carrier loss mechanism.[1,2] However,

it is generally difficult to actually calculate the car-

rier loss by using the given theoretical formulas di-

rectly due to the difficulty in deriving detailed values

of the parameters relating to the well structure. Al-

though the studies on thermal properties of the VC-

SELs regarding gain variation and carrier loss have

been mentioned in many articles so far,[3−12] most

methods characterizing and describing the carrier loss

related to the heating and the barrier height variation

were based on complex, purely numerical modelling or

rough experimental estimation, and thus failed to pro-

vide a convenient and efficient approach to calculating

and assessing thermal carrier loss in the VCSEL.

Thus, here we describe an approach in which the

heating and the barrier height change induced car-

rier loss in the VCSEL is able to be characterized

and determined quantitatively and the use of the pa-

rameters difficult to determine in the calculation is

avoided. In this method, the carrier loss mechanism

of the quantum well is combined with gain measure-

ment and calculation, and thus the carrier loss can be

re-characterized in a calculable form by utilizing the

threshold current and the gain-detuning related loss

current, which are constructed by using the measured

gain data, instead of the well structure-related param-

eters in the formula. This enables all parameters to

be measurable in the carrier loss calculation. The gain

measurement and calculation regarding thermal car-

rier loss and gain detuning processes in the VCSEL

are carried out by using an AlInGaAs–AlGaAs VC-

SEL structure for the sample fabrication. This results
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in successful constructions of the threshold current

and the gain detuning-related loss current in a sep-

arate form. The result provides a useful approach to

analysing the threshold and loss properties of the VC-

SEL, particularly, gain offset determination by chang-

ing the band-gap of the quantum well.

2. Carrier loss mechanism

The carrier loss here is considered in two aspects.

One is heating induced thermal carrier leakage aris-

ing from the well and the gain detuning effect. With

temperature increasing within the VCSEL, electrons

and holes are excited to higher energy states in the

conduction and valence bands of the quantum well,

respectively. The thermal carrier excitation due to

heating changes the Fermi distribution of carriers in

the well and finally leads to carrier leakage from the

well into the cladding layers. This results in direct

gain reduction over the whole spectral range for a

fixed injection carrier density. The physical process

of thermal carrier leakage can be understood by elec-

tron carrier distribution in the conduction band under

thermal equilibrium. The hole carrier distribution in

the valence band is in a similar form to the electron

carrier’s. The number of electrons with energy greater

than the barrier height of the conduction band can be

expressed as[1]

nb =
∑
i

 ∞∫
Ent

gcifc (Ei) dEi

, (1)

where Ent is the energy of the well barrier, gci is the

density of electron states per unit volume in the i-th

sub-band higher than the barrier height, and fc(Ei) is

the Fermi function written as

fc (Ei) =
1

1 + exp [(Ei − Efc)/kBT ]
(2)

with Efc being the quasi-Fermi level in the conduction

band. In the Boltzmann approximation, Eq. (1) can

be expressed as

nb = gcnkBT
3/2 · exp

(
− E1

kBT

)
, (3)

where gcn is the electron state density per unit volume

in the sub-band with energy of Ent, E1 = Ent − Efc

denotes the energy greater than the quasi-Fermi level

in the conduction band. Similar relations can be ob-

tained for the holes in the valence band as well. Thus,

the leakage carrier density, JLe (T ), can be described

as follows, as it is proportional to the number of car-

riers with energies greater than the barrier height:

JLe (T ) = GnT
3/2 · exp

(
− E1

kBT

)
, (4)

where Gn is a constant relating to the density of states

of electron–hole pairs in the corresponding sub-bands

with energy equivalent to the barrier height. Equation

(4) characterizes the relationship between leakage car-

rier density and temperature or barrier height. How-

ever, it is difficult to calculate leakage carrier density

in detail from this formula, as we do not know exactly

the values of the parameters, Gn and E1, which are

related to the quantum well structure. Thus, to cal-

culate the leakage carrier density efficiently, Eq. (4)

should be altered by introducing measurable parame-

ters.

The threshold current of a VCSEL device may

consist of several items related to different physical

processes, which can be written as

Jth = Jr + Jnr + JLe + Jgd, (5)

where Jr and Jnr represent the radiative and the non-

radiative current densities below the threshold, re-

spectively. JLe denotes the loss current density related

to the thermal carrier leakage process in the well, and

Jgd is a special loss current due to the gain detuning

relative to the cavity mode in the VCSEL. Thus, the

threshold current due to the effects of the gain detun-

ing, radiative and non-radiative processes, excluding

the thermal carrier leakage, can be written as

J ′
th = Jr + Jnr + Jgd. (6)

By substituting Eq. (6) into Eq. (5), the leakage cur-

rent density, JLe, can be expressed as

JLe = Jth − J ′
th. (7)

Since the current densities determined by the ra-

diative and the non-radiative processes are generally

very low below the threshold, the threshold current

density excluding the thermal carrier leakage influence

is actually predominated by the gain detuning effect

when the device is heated up, particularly when the

device operates at high temperatures. Thus, Eq. (7)

may be regarded approximately as

JLe ≈ Jth − Jgd. (8)

In Eq. (8), the threshold current Jth involving both

thermal carrier loss and gain detuning effects can

be derived by either direct threshold current mea-

surement or construction using gain data. The gain
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detuning-related loss current, Jgd can be constructed

with gain data. Equation (8) gives an alternative and

calculable form for the thermal leakage current charac-

terization, in which all currents are available from gain

measurement and calculation compared with Eq. (4).

The other factor affecting the carrier loss is bar-

rier height variation of the well, which usually occurs

when the band-gap of the well is changed, for exam-

ple, the use of gain offset in VCSEL design. Thus,

the overall leakage carrier density involving the bar-

rier height variation can be expressed theoretically as

JL = GnT
3/2 · exp

(
−E1 −∆E

kBT

)
, (9)

where ∆E is the variation of barrier height. Equation

(9) can also be re-written as a product of the ther-

mal carrier excitation-induced leakage current density

JLe (T ) and an exponential weight factor related to

the barrier height alteration, which is given by

JL = JLe exp

(
∆E

kBT

)
. (10)

Thus, Eq. (10) establishes the relationship between to-

tal carrier loss and thermal carrier leakage or barrier

height variation. By substituting Eq. (8) into Eq. (10),

the total carrier loss can be expressed as

JL = (Jth − Jgd) exp

(
∆E

kBT

)
. (11)

Equation (11) provides a simple, efficient analytical

form for the actual calculation and assessment of the

carrier loss induced by both the heating and the bar-

rier height variation, as all parameters in the equation

are available.

3. Determination of gain detuning-

related loss current

The gain detuning-related loss current can be de-

termined by gain measurement and calculation. The

method and the device structure used for the gain

measurement of the VCSEL here are the same as

those mentioned in the literature.[13,14] The samples

were fabricated using the AlInGaAs–AlGaAs VCSEL

structure. The active region of the VCSEL was com-

posed of three 7.5 nm (Al0.09Ga0.91)0.94In0.06As quan-

tum wells. Each well was sandwiched by Al0.3Ga0.7As

layers. The distributed Bragg reflectors (DBR) were

composed of 22 and 32 AlAs/AlGaAs half-wavelength

pairs for top and bottom mirrors, respectively. The

cavity wavelength varied from 800 to 814 nm for differ-

ent samples. One of the measured gains as a function

of temperature for a fixed injection current density of

660 A·cm−2 is shown in Fig. 1, in which the cavity

wavelength is 812 nm at room temperature.

Fig. 1. Material gain of an AlInGaAs–AlGaAs VCSEL

as a function of temperature for a fixed injection current

density of 660 A·cm−2.

Obviously, the gain variation at the cavity fre-

quency consists of two parts. One is from the

thermal carrier loss that directly causes gain peak

reduction. The other is due to the gain detun-

ing effect that leads to the gain change at the

cavity frequency or wavelength. This provides a

chance to derive thermal detuning-induced gain

variation at the cavity frequency independently

from thermal carrier loss influence by moving the

gain curve obtained at room temperature at the

same thermal detuning rate as what is actually

Fig. 2. Gain detuning relative to the cavity wavelength

of 812 nm from an AlInGaAs–AlGaAs VCSEL with an

injected current density of 660 A·cm−2.
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measured under different temperatures, which can be

obtained from Fig. 1. This yields the result in Fig. 2

for the injected current density of 660 A·cm−2 and

cavity wavelength of 812 nm at room temperature.

The threshold currents at different temperatures

can be constructed by comparing the measured gain

data at the cavity frequency with the threshold gain

value that is calculated as a calibration for the thresh-

old current determination. The threshold gain is de-

termined by the self-consistency condition of the VC-

SEL and is given by[1]

gth =
1

Γvertical

[
αi −

1

2Leff
ln (R1R2)

]
, (12)

where αi denotes the internal loss of the materials,

which can be determined by the measured modal gain.

Leff is the effective length of the cavity with multi-

ple active layer structure, which is λ/2 for the cavity

wavelength of 812 nm at room temperature in this pa-

per. R1 and R2 represent the power reflectivity of top

and bottom DBR mirrors, respectively. The internal

loss, αi, is −15 cm−1 from the measured gain data.

The threshold gain is 1200 cm−1 for the given device

parameters. The gain detuning-related loss currents

are constructed from three samples with cavity wave-

lengths of 804, 812 and 814 nm, respectively. The

results are shown in Fig. 3. Dash curves denote the

gain detuning-related loss currents. As a contrast, the

total threshold currents (solid curves) are plotted as

well.

Fig. 3. Constructed total threshold currents (solid

curves) and gain detuning-related loss currents (dash

curves) using AlInGaAs–AlGaAs VCSELs.

By combining the constructed threshold currents

and gain detuning-related loss currents with Eq. (11),

the loss current density due to both the heating and

the barrier height variation can be calculated effi-

ciently. The temperature-dependent loss current den-

sity arising from a barrier height variation of ∆E =

1.88×10−2 eV by using the above approach is shown in

Fig. 4 (dash curve). The cavity wavelength is 812 nm

at room temperature. The barrier height change of

∆E = 1.88× 10−2 eV may be from altering the band-

gap of the well, which corresponds to a 10 nm gain

offset. As a contrast, the leakage-induced loss current

density JLe without barrier height alteration (solid

curve) is plotted as well. It is clearly shown that the

carrier loss is sensitive to the barrier height variation.

Fig. 4. Temperature-dependent carrier losses with bar-

rier height change of ∆E = 1.89 × 10−2 eV (dash curve)

and without barrier height alteration (solid curve).

4. Conclusion

Since it is generally difficult to characterize and

calculate quantitatively internal carrier loss arising

from heating and barrier height variation in a vertical-

cavity surface-emitting quantum well laser (VCSEL)

by purely theoretical formulas due to difficulty in de-

riving theoretical parameters relating to quantum well

structure, we describe an efficient approach to charac-

terizing and determining the carrier loss related to the

heating and the barrier height variation of the well by

combining the thermal carrier loss mechanism with

gain measurement and calculation.

In the carrier loss mechanism, the carrier loss due

to the heating and the barrier height variation is re-

characterized in a convenient analytical form by uti-

lizing the threshold current and gain detuning-related

loss current instead of parameters which are difficult

to determine in the formula. The result can be ex-

pressed as a product of an exponential weight factor
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related to the barrier height variation and the differ-

ence between the threshold current and gain detuning-

related loss current. This enables all parameters to be

measurable in the calculation.

The threshold current and the gain detuning-

related loss current can be constructed by gain mea-

surement and calculation. This makes the above

method of calculating the carrier loss from the heat-

ing and the barrier height change feasible. The de-

vices used for the gain measurement are based on

an AlInGaAs–AlGaAs VCSEL structure with cav-

ity wavelength ranging from 804 to 814 nm. The

temperature-dependent threshold current and the

gain detuning-related loss current are constructed suc-

cessfully by comparing the measured gains at the cav-

ity frequency with the threshold gain value. This

approach provides a useful method of analysing the

threshold and loss properties of the VCSEL, particu-

larly the gain offset design for high temperature oper-

ation of the VCSELs.
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