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A detailed and systematic analysis of the loss mechanisms in vertical-external-cavity surface-emitting

lasers is presented with the goal to correctly determine the amount of pump power that is converted to

heat. With this input, the accuracy of a recently proposed method for measuring the thermal

impedance based on roll-over characteristics is shown to be very high for devices with and without

dielectric coating. Potential errors arising from non-heating losses can be determined by performing

experiments with different out-coupling mirrors. VC 2013 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.4802586]

I. INTRODUCTION

In vertical-external-cavity surface-emitting lasers

(VECSELs), the maximum achievable power is predomi-

nantly limited by heating due to non-radiative losses. With

increasing temperature, the optical gain for a fixed carrier

density decreases.1 Thus, to maintain the needed gain, a

higher carrier density is required which further increases the

losses and heating. This self-perpetuating process is acceler-

ated once Auger losses become important since these losses

strongly increase with density. Ultimately, the device will

shut off due to thermal roll-over.

In short-cavity lasers like VECSELs, the roll-over

effects are accelerated since the heating also shifts the gain

away from the wavelength selecting cavity resonance.2,3

Thus, heat management is particularly important in these

systems.4,5 The quality of this management is characterized

by the thermal impedance, Rthr, which measures the increase

in temperature with heating power. Determining this quantity

requires separating power losses that contribute to heating

from those that do not. In the simplest approaches, it is

assumed that the heating power is given by the difference

between pump and output power. However, with this

assumption, one ignores the fact that significant amounts of

power are lost to intra-cavity scattering and spontaneous

emission without contributing to heating.

Most traditional methods determine Rthr from the ratio

between the power dependent and the temperature dependent

wavelength changes. Here, the temperature dependence is

determined by varying the heat sink temperature, THS and

measuring either the shift of the lasing wavelength at a given

pump or output power or the shift of the reflectivity or photo

luminescence spectra at low pump power. The power depend-

ence is determined by measuring the lasing wavelength as

function of the pump intensity at a given THS. However, using

low power spectral features is complicated in VECSELs due

to the interplay of the wavelength selecting cavity resonance

and the underlying quantum well absorption/gain. Also, the

reflectivity shifts vary depending on the selected wavelength

since the corresponding modes are located predominantly in

different parts of the structure made of different materials.

At elevated powers, the question arises whether the intrinsic

losses and, thus, the ratio between heating and non-heating

power is the same at all THS and/or pump powers.

A method for determining Rthr in VECSELs without

having to measure any spectral features has been proposed in

Ref. 6. This method relies on the experimental observation

that the intrinsic temperature at roll-over (maximum output

power) is independent of THS. If this is correct, the thermal

impedance can be determined by measuring the change of

the heating power at roll-over, Pro
heat with THS,

Rthr ¼
DTHS

DPro
heat

: (1)

This method dramatically simplifies the experimental

procedure. Also, it could potentially increase the accuracy of

the measurements since it eliminates many uncertainties of

the shift-dependent methods.

Here, we use a systematic microscopic many-body

theory to investigate the validity of the main assumption that

the intrinsic temperature at roll-over is independent of THS.

Like the shift-rate based methods, this model relies on an

accurate determination of the heating power, Pheat. Therefore,

we discuss the conversion of the net pump power into laser

output power as well as heating and non-heating losses. We

demonstrate how possible errors in the estimates of the

respective contributions can be minimized for the roll-over

method. Finally, we test whether this method can also be

used on devices with anti-reflection (AR) coatings.

The VECSEL device investigated here consists of an

active region with 10 InGaAs quantum wells, GaAsP pump

absorbing barriers and a GaAs/AlAs distributed Bragg reflec-

tor (DBR) which is absorbent at the pump wavelength of
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808 nm. The lasing wavelength in varies from about

1019 nm at threshold to 1028 nm at roll-over. This device

has recently been shown to yield record output powers over

100 W at temperatures around 0 �C.7

II. CARRIER LOSS MODEL

We use our fully microscopic theory to calculate the

density and temperature dependent absorption/gain as well

as the intrinsic carrier losses such as spontaneous emission

(SE) and Auger losses.8 In this approach, electron-electron

and electron-phonon scatterings are calculated explicitly

solving quantum Boltzmann type scattering equations. Also,

higher excitonic source terms are included in the calculation

of the SE which has been shown to significantly influence

the SE strength. All these models have been tested very suc-

cessfully for various material systems, including AlInGaPAs

based VECSELs as investigated here.8,9

Using the microscopically calculated quantities as input

for a semi-classical VECSEL model has been shown to yield

very good agreement with the measured operating character-

istics, like input-output power and lasing wavelength and

their dependence on THS.8,10

In general, the pump power, Pp, is converted in part into

lasing output (Pout), heat (Pheat), and a remaining part that

does not contribute to output or heating (Prest),

Pp ¼ Pout þ Pheat þ Prest: (2)

Several processes contribute to Pheat. First, in the device dis-

cussed here, that part of the pump power PNA that is not

absorbed in the active region, i.e., the part that reaches the

DBR is absorbed there and converted into heat. Second, car-

riers created via pump absorption relax to the bottom of the

quantum wells. In doing so, they give their excess energy—

the so-called quantum defect—PQD, as heat to the lattice via

phonon emission.

Other contributions to heating are losses due to Auger

and defect recombination, Paug and Pd, respectively. The

density- and temperature-dependent Auger recombination

time, saug, is calculated explicitly. For defect losses, we

assume a recombination time sd ¼ 100 ps, which is typical

for material of the quality as investigated here.

A final source of heating arises from that part of the SE

that is emitted in the quantum-wells and then re-absorbed

outside the pump spot. This part depends on the pump spot

size and heat extraction efficiency whether the heating occur-

ring there also influences the center of the pump spot where

thermal roll-over is usually initiated.11 The balance between

the SE-power effectively contributing to heating, PSE�H, and

not, PSE�NH, can be estimated using ray tracing. Here, we

use the ratio as an adjustable parameter with values based on

such estimates.

Besides PSE�NH, a second loss mechanism that does not

contribute to heating is intra-cavity surface scattering. At

each cavity round-trip, some of the lasing light will be

reflected on height fluctuations of the semiconductor interfa-

ces. This leads to a power loss due to destructive interfer-

ence, PSS ¼ PoutaSS=aout. Here, aout is the out-coupling loss

and aSS is the surface scattering loss. Since the surface scat-

tering depends on the growth- and processing quality, it can-

not be calculated a priori. Thus, we treat aSS as an adjustable

parameter.

In principal, there can be additional losses that also do

not contribute to heating like diffraction losses due to ther-

mal lensing or scattering at interfaces inside the semiconduc-

tor material. These contribute to the power balance just like

the surface scattering losses described above. In our model,

these losses are also included via the scattering parameter

aSS.

Equations (3) and (4) summarize the balance of powers.

Here, W ¼ NnwAp�hxL, where N is the sheet carrier density,

nw the number of wells, Ap the pumped area, �hxL the lasing

energy, and �hxp the pump energy. gSE is the fraction of SE

not contributing to heating. gabs is the fraction of pump light

that is absorbed in the active region,

Pheat ¼ PNA þ PQD þ Paug þ Pd þ PSE�H

¼ Pp � gabs

�hxL

�hxp

Pp þW
1

sd

þ 1

saug

þ 1� gSE

sSE

� �
; (3)

Prest ¼ PSS þ PSE�NH ¼ Pout

aSS

aout

þWgSE

sSE

: (4)

To calculate the VECSEL operating characteristics, it

has been shown to be sufficient to use a one-dimensional

model8 where lateral inhomogeneities are neglected. Thus,

the output power scales linearly with the pumped area. This

model has been shown to give very good agreement with the

experiment especially for large pump spots and multi mode

operation conditions.8,10 All together, the microscopic model

used here not only provides a high quantitative accuracy but

also reduces the number of adjustable parameters to a mini-

mum. The only such parameters left are aSS; gSE and Rthr.

III. RESULTS

For the experiment investigated here, we find the best

experiment-theory agreement using Rthr ¼ 1:24 K=W; gSE

¼ 85%; and aSS ¼ 0:57%. There is some ambiguity in the

fitting process. Fairly, similar results can be obtained, e.g.,

using gSE ¼ 75% and Rthr ¼ 1:22 K=W or gSE ¼ 100% and

Rthr ¼ 1:26 K=W while keeping aSS ¼ 0:57%. The ambigu-

ity is limited since the parameters influence different charac-

teristics differently. Rthr predominantly determines the

maximum power while it has minimal impact on threshold

and efficiency. aSS mainly influences the efficiency. gSE has a

weak influence on all three characteristics. This allows us to

determine the parameters individually with high accuracy.

Here, we estimate the uncertainty margins to be less than

about 25% for gSE and aSS and 5% for Rthr.

Fig. 1 shows the measured and calculated operating

characteristics for THS ¼ 10 �C, a pump spot diameter of

0.92 mm and an out-coupling mirror loss of 3.0%. Included

in Fig. 1 are the calculated individual loss contributions. The

non-heating losses, Prest, are quite significant. Not consider-

ing them correctly and instead assuming that Pheat is given

by (Pp � Pout) would lead to a significant over-estimation of
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Pheat and, thus, Rthr. Here, the error would be about a factor

of 1.75 at threshold and 1.25 at roll-over.

Particularly important for the following analysis is also

that the contribution to Prest from SE, PSE�NH does not

depend on pump power. On the other hand, since the scatter-

ing loss is proportional to the output power, it increases with

pump power up to the roll-over point. We generally find the

variation of Prest with Pp to be dominated by that of PSS. The

variation is particular strong in cases with low out-coupling

losses since then the scattering loss is more pronounced.

For the validity of the roll-over method, it is crucial that

the intrinsic temperature at roll-over is independent of the

heat sink temperature. In the experimental work,6 this

assumption is based on the observation that the lasing wave-

length appears to be independent of THS within the scattering

of the experimental data. Here, we use the microscopic mod-

eling to test this feature.

Fig. 2 shows the calculated lasing wavelength and

intrinsic temperature as function of the pump power for vari-

ous THS. We see that the lasing wavelength at roll-over

decreases minimally with THS by about 0.025 nm/K, nicely

confirming the experimental conclusions. The intrinsic tem-

perature decreases about 0.016 K per Kelvin heat sink

change. For the derived thermal impedances, this introduces

an error of about 2%.

Fig. 3 shows the measured and calculated dissipated

power at roll-over as function of THS. According to Eq. (1),

the thermal impedance is simply given by the presumably

constant slope of the data. Within the scattering of the data,

the slope is indeed constant. For the calculated results, the

slope agrees with the modeling value of Rthr ¼ 1:24 K=W

when the correct heating power is used. In the experiment,

the heating power is generally not known, but (Pp � Pout) can

be easily determined. When using that, one also finds a linear

dependence, but the slope under-estimates the thermal imped-

ance. Using this in the modeling yields Rthr ¼ 0:99 K=W.

The modeling results show good agreement with the

experiment when using (Pp � Pout) in both cases. The devia-

tions between theoretical and experimental result are more

or less within the scattering of the experimental data. Some

uncertainty arises in the experiment due to the often some-

what unclear determination of the exact roll-over point.

Here, the experimental data fall in between the theoretical

data for roll-over and shut-off.

The error when using (Pp � Pout) instead of Pheat is

mostly due to the power dependence of the scattering loss.

Thus, the error can be reduced by reducing the influence of

the surface scattering. This can be done by using an out-

coupling mirror with a higher loss.

Fig. 4 shows the theoretical results of the roll-over

method for varying out-coupling losses. We see that the error

of using (Pp � Pout) is reduced significantly for large out-

coupling losses. In the limit of high losses, the data agree

rather well with that for the case that uses the correct heating

power.

The modeling data show some scattering and tends to

yield values for Rthr slightly above the actual input value. The

scattering is due to the errors introduced by the discrete density

and temperature grids used for the microscopically calculated

data. The slight over-estimation of Rthr is due to the residual

shift of the intrinsic temperatures with heat sink temperature.

Finally, we test the roll-over method for an AR coated

device. With such a coating, the cavity enhancement of the

gain is strongly reduced and the position and shifts of the las-

ing wavelength are mostly given by the shift of the material

gain maximum rather than the cavity resonance. Thus, the

limiting factor is the available maximum material gain rather

than the gain at the position of the cavity resonance wave-

length. The question arises whether this allows for the shut-

off to occur at heat-sink temperature dependent intrinsic

conditions, or, as required by the roll-over method, at a heat

sink temperature independent intrinsic temperature. To test

FIG. 1. Distribution of the net pump power over various mechanisms

contributing to Pout; Pheat, and Prest at THS ¼ 10 �C. Dots: Experimentally

measured Pout. Lines: Theory. Shaded areas: Losses due to Auger and

surface scattering. Not shown here is Pd which is too small to resolve.

FIG. 2. Lasing wavelength (left) and internal tem-

perature (right) as function of Pp between threshold

and shut-off for THS ¼ 0, 10, …, 80 �C. Dots:

roll-over point.
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this, we assume that a quarter wavelength dielectric coating

of Si3N4 has been deposited on the VECSEL. Since the

achievable modal gain is reduced by the coating, an out-

coupling mirror with a lower loss has to be used. Here, we

assume an out-coupling mirror with a 1% loss. The coating

also reduces surface scattering losses, typically by about

50%.8 Therefore, we assume a scattering loss of only 0.29%

as compared to 0.57% without coating. All other parameters

are kept the same as for the uncoated device.

Fig. 5 shows the results of the roll-over method for the

AR-coated device. We see that the method works here

almost as well as in the uncoated case. If the correct heating

power is known, the slope of the data is about 1.28 K/W,

very close to the used value of Rthr ¼ 1:24 K=W.

Due to the smaller out-coupling loss, the influence of

the surface scattering loss is more pronounced. As has been

shown in Fig. 4 for the uncoated device, this leads to a larger

error when using (Pp � Pout) instead of Pheat. Here, this

would yield Rthr ¼ 0:90 K=W. The error is somewhat limited

since the coating reduces the scattering losses. As for the

uncoated device, an estimate for the error can be obtained by

varying the out-coupling loss. However, the AR-coated de-

vice can only sustain losses up to about 2.5%.

IV. SUMMARY

In summary, our microscopic many-body analysis veri-

fies that the intrinsic temperature at roll-over in VECSELs is

independent of the heat sink temperature, thus validating that

the thermal impedance can be uniquely determined from

roll-over characteristics.6 We demonstrate that this method

can be applied to coated and uncoated devices.
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FIG. 3. Dissipated power at roll-over as function of THS. Diamonds:

Experimental data, assuming the dissipated power is given by (Pp � Pout).

Circles: Theory for Pheat. Squares: Theory for (Pp � Pout). Closed symbols:

Data at roll-over. Open symbols: At shut-off. Lines: linear interpolation.

FIG. 4. Thermal impedance calculated for various out-coupling losses. Solid

dots: Using Pheat. Open dots: Using (Pp � Pout). Dotted line: value used in the

modeling. Inset: Ratio by which Rthr is over-estimated when using (Pp � Pout).

FIG. 5. Dissipated power at roll-over as function of THS for an AR-coated

device. Squares: Assuming the dissipated power is given by (Ppump � Pout).

Circles: Data for Pheat. Lines: linear interpolation.
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