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Photoreflectance study at the micrometer scale
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Abstract
Photoreflectance (PR) spectroscopy has proven to be a very efficient non-destructive tool to get information on various semiconducting epitaxial

structures as it is very sensitive to every direct optical transitions in semiconducting quantum structures and allows as well to optically measure

internal electric fields in space charge layers, through Franz–Keldysh oscillation (FKO) analysis. We have developed an experimental setup to get

micro-PR spectra on epitaxial structures or devices on a few micrometer size spots. Due to very low signal intensity, experimental conditions have

to be very carefully controlled: the signal/noise ratio strongly depends on the pump–probe power ratio.

We give experimental micro-PR results recorded on antimonide-based heterojunction bipolar transistors (HBTs), which give the local electric

field at the emitter–base junction under different biasing conditions. A second part of the paper is devoted to micro-PR analysis performed on

tuneable vertical cavity surface emitting layers (VCSELs) with InP/air Bragg mirrors. In such VCSELs, both the cavity Fabry–Perot peak and the

active region quantum well ground state are giving transitions in the micro-PR spectrum. This is very useful in the case of a tuneable structure.

Feasibility of micro-PR analysis at the device scale is demonstrated.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Optical characterization at the micrometer scale is

important in a wide range of science and technology. With

the progress in device fabrication techniques, we need tools

to characterize features whose size and separation are small,

and study how reduction in size changes the physical and

electronic properties of the devices. The optical characteriza-

tion of devices eventually under operation is as well a very

challenging subject.

The non-destructive and contactless optical characterization

technique of photoreflectance (PR) [1] has been used to

characterize semiconductor heterostructures and a number of

device structures such as heterojunction bipolar transistors

(HBTs) [2], high electron mobility transistors [3], and vertical

cavity surface emitting lasers (VCSELs) [4]. PR spectroscopy

allows to measure the energy gap of semiconductor alloys,

direct optical transitions in quantum-confined structures, as
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well as electric fields in space charge layers from Franz–

Keldysh analysis. Performing PR spectroscopy at the micro-

meter scale on a device is therefore very challenging and could

open the way to a real non-destructive device characterization.

Only few reports have already been published in the literature

concerning micro-PR studies in laser structures [5].

After a brief description of the experimental micro-PR setup,

the first part of the paper is devoted to PR spectroscopy

performed at the micrometer scale on HBTs structures grown in

the InP/GaAsSb material system. Antimonide alloys in the base

of InP HBTs has indeed demonstrated good properties for high

frequency applications [6–8]. FKO analysis will be exploited in

those devices to derive local internal electric field at the

emitter–base (EB) and base–collector (BC) junctions.

In the second part of the paper, PR spectroscopy is applied to

analyze tuneable VCSELs with InP/air Bragg mirrors at the

micrometer scale. In VCSELs epitaxial structures, we already

demonstrated the interest of photoreflectance techniques for

giving evidence of both the active medium optical transition as

well as the cavity mode energy [4], whose matching is of a

major importance to reduce the threshold current density of

lasers [9]. This is even more valuable to get these information in

tuneable VCSELs structures.
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Fig. 1. Micro-PR experimental setup.
2. Experiments

As shown in Fig. 1, the probe light beam is provided from a

tungsten halogen lamp which is spectrally dispersed through a

spectrometer. The beam is collimated with an achromatic lens

and focused on the sample using a microscope objective. A

beam splitter is placed in the optical path of the light beam. It

allows the collection of the reflected beam which is focused

both on a photodetector for recording the PR signal and on an

InGaAs CCD camera for imaging the sample. The pump light

beam is provided by a laser source which is mechanically

chopped and introduced in the optical path thanks to a dichroic

plate. Both pump and probe beam lights are focused on the

sample via the microscope objective. A long-pass filter is

placed in front of the photodetector to remove the pump laser

beam from the reflected signal. The modulated reflected signal

is detected through a lock-in amplifier.

In PR experiments, the pump beam intensity plays a major

role, as it induces a parasitic PL background which may be

relatively significant even at room temperature, especially in

confined systems. In order to reduce the PL parasitic signal

contribution, the laser pump intensity is controlled by

attenuator filters. The signal/noise ratio is shown to strongly

depend on the pump–probe power ratio.

3. Micro-PR on GaAsSb/InP HBT structures

The GaAsSb/InP HBT samples were grown by molecular

beam epitaxy (MBE). They consist of Si-doped InP sub-

collector and collector layers (NDC = 1016 cm�3), a C-doped

GaAsSb base layer (NAB = 3.6 � 1019 cm�3), a Si-doped

InGaAlAs emitter layer (NDE = 5 � 1017 cm�3), and sub-

emitter layers as well as an InGaAs contact layer. The epitaxial

structure is given in Fig. 2a. Fig. 2b is a top view of a large size

HBT device, showing the interelectrode spacing where micro-

PR spectroscopy can be performed. The mesa edges are shown

by dashed lines. The emitter contact dimensions are

75 mm � 75 mm.
In Fig. 3 is plotted the typical micro-PR spectrum recorded

in a processed HBT device at room temperature under an

excitation power of 0.2 mW. The excitation pump beam is

provided by a HeNe laser focused by a 20� microscope

objective on a spot size of 7 mm. The spectrum exhibits FKOs

in two different spectral ranges, each of them corresponding to

different layers in the epitaxial structure. The FKO system

above 1 eV, that is above the InGaAlAs energy gap,

corresponds to the local electric field arising in the InGaAlAs

emitter layer at the emitter–base junction. The FKO system

above 1.3 eV, that is above the InP energy gap, may correspond

to different layers in the structure. Actually, it is attributed to the

layer in which the electric field is supposed to be the strongest,

that is the low-doped InP collector layer. It does therefore

correspond to the electric field arising in the base–collector

(BC) layer. The electric field values are obtained from the

analysis of the FKO systems. Following the usual FKO analysis

[10], energy extrema Em in FKOs are given by:

mp ¼ 4

3

�
Em � EG

�hu

�3=2

þ f (1)

where m is the extremum index, EG the bandgap energy, Em the

PR extremum energy, f is an arbitrary phase factor and �hu ¼
ðq2F2�h2=2mÞ1=3

is the electrooptic energy with F the electric

field and m the reduced effective mass. q and �h are respectively

the elementary charged and reduced Planck’s constant.

A plot of (4/3p)(Em � EG)3/2 versus index number m will

yield a straight line with slope �hu3=2 which contains the electric

field F. Such a plot is reported in Fig. 4 for the FKO system

arising above the InGaAlAs bandgap, that is at the EB junction.

The solid line is a linear fit to Eq. (1) which yields �hu. Knowing

the InGaAlAs bandgap energy [11] and its reduced effective

mass m, the value experimentally extracted from the FKO

system is about 108.5 kV/cm (�5%) at the EB junction. A

similar analysis performed on the FKO system above the InP

bandgap yields the electric field value at the BC junction in this

device, which is about 23.5 kV/cm (�5%).
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Fig. 2. Structure of the GaAsSb/InP epitaxial layer of the HBT. Top view of a processed HBT device showing emitter, base and collector metallizations. Dotted lines

show the mesa edges.

Fig. 3. Room temperature PR spectrum recorded on a HBT device on a 7 mm

diameter spot on top of the emitter mesa, between emitter and base contacts.

Fig. 4. Evolution of (4/3p)(Em � EG)3/2 as a function of FKO index m in the

InGaAlAs emitter layer. The solid line is a least squares fit to a linear function.
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Fig. 5. Influence of emitter–base bias voltage on the FKO period in the micro-

PR spectrum. The internal electric field at the EB junction is shown to decrease

when the EB junction is forward biased under 0.3 V.

Fig. 6. Evolution of internal electric field at the EB junction vs. EB bias.

Evolution of PR intensity vs. EB junction bias.
It is worth noting that several micro-PR spectra were

recorded on different HBT devices on the same substrate, and

both the PR signal intensity, and the electric field value were

found to be uniform within 2% accuracy, showing the very good

uniformity of growth and technology process for these devices.

The potentiality of micro-PR spectroscopy to optically

measure the local electric field value is very attractive for the

physical analysis of HBT operation. For this purpose, we

performed again micro-PR spectroscopy on the same HBT

device, under continuous biasing of the emitter–base junction.

Results are plotted in Fig. 5, which shows two micro-PR spectra

recorded at the same spot at top of the HBT device, with

emitter–base junction either unbiased (solid line) or forward

biased at 0.3 V (dashed line). The FKO system period is

reduced under forward bias, showing the reduction of the

internal electric field, as expected in the space charge layer of a

forward biased junction. The PR intensity is also strongly

decreasing in the forward biased junction.

In Fig. 6, are plotted the evolution of both the electric field

value and the PR intensity as a function of biasing voltage (from

reverse to forward bias). As expected, the electric field is

continuously decreasing under forward bias, whereas it

increases under reverse bias. Similarly, the PR intensity is

decreasing as forward bias is increased. This is related to the

decrease of electron–hole wavefunctions overlapping as

electric field is reduced. The detailed analysis of micro-PR

spectroscopy on HBT devices will soon be published [12] and

further work is underway in order to get micro-PR spectroscopy

on smaller size HBTs under normal bias conditions: forward

biased EB junction and reverse biased BC junction.

Micro-PR spectroscopy applied to HBT devices has never

been published before, and shows for the first time the very

large potentiality of PR spectroscopy for the physical analysis

of a such devices under operation.

4. Tuneable VCSEL devices

As previously mentioned, photoreflectance spectroscopy has

already proven its efficiency in VCSELs epitaxial structures
[4], as it allows to determine both active medium optical

transition and Fabry–Perot cavity mode. Such parameters have

to be carefully controlled in order to allow for lasing operation,

and to reduce the threshold current density of laser. In the case

of micromachined devices, it is well known that the residual

strains can significantly change both the geometric form of

structures and the Fabry–Perot mode of VCSEL cavity.

Therefore, a local study such as micro-PR spectroscopy is of

major importance to check for growth and microtechnology

process inhomogeneities.

The studied VCSELs are a new structure, based on a bottom

half VCSEL grown by metal organic chemical vapor deposition

(MOCVD) and an InP/air gap micro-opto-eletromechanical

system (MOEMS)-based top micromachined Bragg mirror

[13]. The structure is shown in Fig. 7. Being designed as an

extended distributed Bragg reflector (DBR), the bottom half

VCSEL structure is thus composed by a 39.5 pair In0.52A-

l0.48As/In0.53Ga0.47Al0.18As bottom DBR and the 9l/4-thick

InP active layer in which are embedded nine In0.53Ga0.47As

quantum wells (QW) and In0.62Ga0.38As0.82P0.18 barriers within

a 3l/2-thick In0.3Ga0.7As0.82P0.18 cladding layer. As shown in

the VCSEL schematic representation and in the scanning

electron microscope (SEM) view of Fig. 7, the four arms

suspended InP/air gap top DBR and the air gap resonant cavity
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Fig. 7. (a) Schematic representation of the MOEMS VCSEL. (b) Scanning electron microscopy top view of the micromachined VCSEL.

Fig. 8. Micro-PR spectrum recorded on a half VCSEL device (dashed line), a

complete VCSEL structure (solid line). The fit of the PR spectrum using the first

derivative functional form is plotted (triangles) for the complete VCSEL device.
are finally formed by reactive ion etching and selective surface

micromachining of the InGaAs sacrificial layers, thus leaving

an air gap between remaining InP layers. Therefore, the VCSEL

structure consists of a half VCSEL and a l/2-thick air cavity as

well as a 2.5 pairs InP/air gap MOEMS-based top DBR. This

structure can be electromechanically tuned thanks to an air gap

on top of the cavity. Although this device is very promising, it is

necessary to well control the residual strains. Actually, they can

change significantly the optical properties of top DBR and air

gap cavity. That is why, it is important to be able to measure the

local optical properties of those devices.

Micro-PR spectroscopy was performed on one of the devices

whose scanning electron microscope view is given in Fig. 7b.

The excitation pump beam is provided by a 1.06 mm CW

Nd:YAG laser chopped at a 180 Hz frequency with a 35 mW

power, attenuated by a 0.24% neutral filter in order to reduce the

parasitic PL signal which is very important in confined systems

even at room temperature. The pump beam is focused at the

sample surface by a 20� microscope objective on a 14 mm

diameter spot. This spot diameter is well suited for the local

study of the VCSEL device. Both pump and probe beams can be

focused on the VCSEL structure, either at the center of free-

standing membrane, or outside in order to study the bottom half

VCSEL. Such experiments are expected to be a very useful tool

to check for inhomogeneities in growth and technology. Indeed,

the strain distribution within the free standing InP layers of the

top DBR mirror of the cavity may induce large Fabry–Perot

detuning among the devices which can be detrimental for laser

operation.

Fig. 8 shows the micro-PR spectrum (solid line) recorded at

room temperature in a complete VCSEL device, together with
the micro-PR spectrum (dashed line) in the neighbor bottom

half VCSEL. The half VCSEL spectrum (dashed lines)

indicates a clear PR transition, which was fitted using the

first derivative functional form (FDFF) of the unperturbed

dielectric function, which is well-suited in the case of quantum

confined systems [14]. The PR transition energy is found at

0.778 eV (1.594 mm), which corresponds to the fundamental

electron–hole transition E1H1 of the active layer QWs. It falls

right inside the 100 nm stop band of bottom DBR (centered at

1.605 mm). Recording such micro-PR spectra at different

location on the epitaxial structure as well as on a reference

active layer of the VCSEL proved a good homogeneity of the

epitaxial growth.
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Contrary to the half VCSEL spectrum, the complete VCSEL

PR spectrum (solid line) exhibits a more complicated shape, as

the laser cavity mode is expected to also give rise to a PR

transition. Identifying the cavity mode position is a problem

generally encountered in conventional PR spectroscopy of

VCSEL [15]. The spatial resolution of the micro-PR technique

is used here to distinguish the contribution of QW transition

from Fabry–Perot cavity mode by comparing PR results on half

bottom VCSEL with complete VCSEL structure. Knowing the

position of the fundamental transition energy at 0.778 eV from

the neighbor half VCSEL PR spectrum, the Fabry–Perot cavity

mode position was deduced from complete VCSEL PR

spectrum by fitting the envelop using the FDFF lineshape

[14]. The fitted spectrum (triangles) is well matched to the

experimental curve of the complete VCSEL device. The two

PR transitions are arising, respectively, at 0.773 and 0.779 eV.

The last one is attributed to the QW E1H1 transition as it is very

similar in shape and energy to the transition measured in the

half bottom VCSEL structure (dashed line). The second

transition (0.773 eV) does correspond to the Fabry–Perot cavity

mode. The detuning between QW and cavity mode is about

12 nm in the device. Such a detuning is expected to be favorable

to obtain a laser effect at room temperature, following the

results of Piprek et al. [16] who established a correlation

between gain and cavity mode positions on lasing effect.

Further results will soon be published, showing that lasing of

such devices may be prevented by a too large detuning between

QW and Fabry–Perot, induced either by the selective surface

micromachining or by the strain distribution [17] in such

tunable VCSEL devices. These results show the interest of

micro-PR technique as a powerful tool to provide simulta-

neously QW and cavity mode energy positions directly on

complete VCSEL devices.

5. Conclusion

We have applied micro-PR spectroscopy to two different

kind of devices: HBT and tuneable VCSEL structures.

Experimental conditions need to be carefully controlled in

order to optimize the signal/noise ratio. We have shown that

such a technique is efficient even on a very small spot size (a

few microns) and is very useful to determine important physical

parameters for device operation. In the case of HBT devices, the

micro-PR spectroscopy allows to optically measure the local

internal electric field at the junctions, which is of major

importance in bipolar transistor operation. In tunable VCSELs,

such a spectroscopic technique allows to check for devices
which will not operate as a laser because of technology

problems.

The feasibility of micro-PR analysis is demonstrated at the

device scale. This opens the way to the local physical analysis

of devices under operation.
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