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5 5 

Porouss GaP: formation and 
opticall properties 

Inn this chapter it is shown that anodic etching of n-type gallium phosphide (GaP) produces 
aa random-porous structure. This structure scatters light strongly. The optical set-ups used 
too study porous GaP (enhanced backscattering and angular-resolved transmission) are de-
scribedd in section 5.2. In section 5.3 the current-potential characteristics of GaP and the 
formationn of the porous layer are discussed. As shown in section 5.4, anodic etching does 
nott introduce any measurable optical absorption. Anodic etching leaves a thin top layer 
(~~ 200 nm) of nearly bulk GaP. This layer produces strong internal reflection and compli-
catess the analysis of the EBS measurements. As explained in section 5.5, this layer can 
bee removed by means of photochemical etching. The pore size, inter-pore distance, and 
porosityy depend strongly on the doping concentration and on the applied potential dur-
ingg etching (section 5.6). The biggest pores (with an average radius ~ 95 nm) and the 
strongestt scattering samples (k£ ~ 3.5 at XQ = 633 nm) are made from low-doped GaP 
(N(N = 5x 10,7cm~3) etched at the highest possible potential. To further increase the scat-
teringg strength of porous GaP, the pore diameter was augmented by means of chemical 
etching.. As shown in section 5.7 the optical transmission can be measured during etching. 
Surprisinglyy the width of the EBS cone of the strongest scattering samples is reduced upon 
chemicall  etching. 

5.11 Introduction 

Inn chapters 3 and 4 we have seen that powders of micron-sized particles of Si and 
Gee strongly scatter light. Although the results with these samples are very close to 
thee localization transition (kis ~ 3), significant absorption is introduced during the 
powderr preparation. 

Ann alternative to powders are porous materials. Semiconductors can be made 
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porouss by electrochemical or anodic etching [146]. An example of a porous struc-
turee formed in gallium phosphide (GaP) is shown in Fig. 1.2 (b). The high refrac-
tivee index of GaP (n = 3.3) and its band gap in the visible A,gap = 0.55 jum [147] 
makee this semiconductor very interesting for light-localization experiments. More-
over,, anodic etching of GaP leads to a highly-isotropic porous structure, neces-
saryy for 3D localization. These isotropic structures are in contrast to most other 
semiconductorss in which etching occurs along preferential crystallographic direc-
tionss [146,148,149]. 

AA first study of the scattering properties of porous GaP was done by Schuur-
manss et al. [79,80]. Two different types of samples were studied: a) anodically-
etchedd GaP (A-GaP) and b) photo-assisted anodically-etched GaP (PA-GaP). The 
GaPP wafers used were (lOO)-oriented, n-type, with a doping concentration of 
NN = 2 x 1017cm~3. All samples were etched at a potential of 15 V. A disordered 
networkk of pores was formed with an average pore radius of 45 nm for A-GaP 
andd 65 nm for PA-GaP Strong scattering of light without optical absorption was 
measuredd in both types of porous GaP at the wavelengths of the experiments (633, 
6855 and 780 nm). The strongest scattering (k£s ~ 3.5) was found for PA-GaP at 
A*,, = 633 nm. The EBS measurements on PA-GaP showed a rounding close to the 
backscatteredd direction due to the onset of localization [79,129]. 

Thee porous structure and, therefore, the optical properties of anodically-etched 
semiconductorss depend on the etching conditions (doping concentration [150,151], 
etchingg potential [151,152], temperature [153], electrolyte 1150,152], magnetic 
fieldfield [154]). We decided to investigate routes to increase the scattering strength 
off  porous GaP. Since the average pore (or scatterer) radius of the GaP samples 
inn Refs. [79,80] is small compared to the wavelength, it was expected that the 
scatteringg strength could be increased by making bigger pores. 

Wee have investigated the pore formation and the scattering strength as a func-
tionn of the doping concentration and the etching potential. The average pore radius 
andd inter-pore distance depend strongly on both parameters. Photo-assisted elec-
trochemicall  etching was not used in the present work, all samples being A-GaP. 

Biggerr pores can be formed in low-doped GaP etched at the highest possible 
potential.. Although the average pore radius in these samples is ~ 95 nm, the 
scatteringg strength (obtained from the width of the EBS cone) was not larger than 
thatt of PA-GaP. The pore radii were further increased by chemical etching, which 
inn the strongest scattering samples leads to a reduction of the EBS-cone width. 
Accordingg to classical [123] and localization [129] theories a decrease of the width 
off  the EBS cone is due to a reduction of the scattering strength. This reduction of 
thee EBS-cone width upon chemical etching is a surprising result that needs further 
investigation. . 
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5.22 Optical experimental techniques 

Thee inverse of the localization parameter k£s characterizes the scattering strength 
off  a random medium (section 1.2). Due to the large optical thickness of the porous 
GaPP samples, measurements of the coherent transmission (from which £s can be 
derived)) are difficult. Therefore, the scattering strength in this chapter will be 
definedd as (k£)~l. Enhanced-backscattering measurements were used to obtain 
thee transport mean free path £ (see section 2.3 on page 38). 

Thee effective refractive index ne of the porous GaP samples was acquired 
byy measuring the angular-resolved transmission [97,155] (see section 2.2.3 on 
pagee 32). With the value of ne it is possible to correct the EBS measurements 
forr internal reflection (section 2.2.2), and to obtain the wave vector in the porous 
structuree k = 2nne/%o. 

Thee enhanced-backscattering cones were recorded using the off-centered tech-
nique.. This technique is described in Refs. [87,156], and will not be repeated here. 
Relevantt for the measurements presented in this chapter is that the angular reso-
lutionn of the set-up is ~ 0.15 mrad. A He:Ne laser (XQ = 633 nm) was the light 
source.. Linearly-polarized light illuminated the sample. The detection was in 
thee polarization-conserving channel. For linearly-polarized radiation the single-
scatteredd light is also detected. Single scattering does not contribute to the en-
hancedd backscattering, but increases the diffuse background. This increased back-
groundd causes an enhancement factor smaller than two. Light that is specularly 
reflectedd on the sample also reduces the enhancement factor [124]. The reduction 
off  the backscattering enhancement by single-scattered light and specular reflection 
iss considered in the analysis of the measurements. 

Thee set-up used to measure the angular-resolved transmission is schematically 
representedd in Fig. 5.1. The intensity of a He:Ne laser was modulated with a 
chopperr at a frequency of 1 Khz. This beam, with a diameter of ~ 4 mm, illumi-
natedd the sample. A lens with a focal length of 10 cm, placed at 90 cm from the 
sample,, collected the transmitted light onto a Si photodiode. The signal from the 
detectorr was amplified with a lock-in amplifier, and recorded by a computer. The 
detectorr and collection optics could be rotated around the sample by means of a 
stepperr motor controlled by the computer, with a minimum step size of 9 x 10~2 

mrad.. By placing a polarizer between the sample and the detector, the parallel p-
andd perpendicular s- (to the plane of incidence) polarization components of the 
angular-resolvedd transmission were also measured. 

Too average out speckle, six measurements were done for each sample and for 
eachh polarization. The sample was moved slightly between the measurements. The 
resultss presented in section 5.5 are the average of these six measurements. 
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Figuree 5.1: 
Schematicc representation of the 
set-upp used to measure the 
angular-resolvedd transmission 
off  porous GaP. The polarizer 
Pol,, lens L, iris I, and detec-
torr can be rotated around the 
samplee by means of a computer 
controlledd stepper motor (not 
plotted). . 

5.33 Pore formation by anodic etching 

Forr anodic etching, a piece of GaP wafer with dimensions of 1 x 1 cm was glued 
too a copper plate with silver epoxy. The copper plate was covered with a Teflon 
stickerr to prevent it from chemically dissolving in the electrolyte. The GaP piece 
wass also covered with Teflon, leaving a circular opening with a diameter of 5.5 
mmm (see Fig. 5.7 (b) on page 89). This was the only GaP surface exposed to the 
electrolyte,, and acted as working electrode (anode). As counter electrode (cathode) 
aa platinum wire was used. All the potentials were measured against a saturated 
calomell  electrode (SCE). The electrochemical cell contained an aqueous 0.5M 
H2SO44 solution. All the etching experiments were done at room temperature. 

Commercially-availablee GaP wafers,1 doped with sulfur and with different 
dopingg concentrations N = 5  1,6,7 and 15  5 x 1017cm~3 were used. The 
dopingg concentrations were specified by the GaP suppliers. The thickness of the 
waferss is 300 yum and their surface (100)-oriented. 

Ann n-type GaP electrode does not dissolve anodically in the dark at potentials 
beloww ~ 3 V. Valence-band holes are required for the dissolution reaction 

(GaP)nn + 6h+^(GaP)n^ ,+Ga( I I I )+P( I I I ) . (5.1) 

Whenn a positive potential V is applied, the electrochemical potential of the 
electrodee decreases, which induces a bending of the valence and conduction bands 

11 Atomergic Chemetals, Ramet Ltd., and Philips. 

Chopperr Sample 
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Figuree 5.2: 
Interfacee between GaP and the 
electrolytee at a potential V 
higherr than the breakdown po-
tential.. Electrons in the de-
pletionn layer Ldep may tunnel 
fromm the valence band (VB) to 
thee conduction band (CB). The 
holess are used for the dissolu-
tionn of the semiconductor at the 
interface. . 

closee to the semiconductor-electrolyte interface (Fig. 5.2). The region where the 
bendingg takes place is called the depletion layer and its spatial extent Ldep is given 
byy [157] 

/2eee \ 1 / 2 

L d e p = (~eA?( V " V f b ) )) '  (5" 2) 

wheree e = 11 is the dielectric constant of GaP [147], e0 is the vacuum permittivity, e 
iss the electron charge, N is the donor concentration and V&, is the flat-band potential 
orr the potential at which the bands are flat. For a given semiconductor electrode, 
thee flat-band potential depends mainly on the nature of the electrolyte. In our 
experimentss (aqueous 0.5M H2SO4 solution) the flat band potential is ~ -1.2 
V[158]. . 

Whenn the anode potential is strongly positive, electrons can tunnel from the 
valencee to the conduction band (see Fig. 5.2), a process known as breakdown. The 
holess generated in this way cause etching according to reaction (5.1), and give rise 
too a porous structure. 

5.3.11 Current-potential characteristics 

Thee current density-potential characteristics (I — V curves) were measured with 
ann EG&G PAR 273A potentiostat at scanning rates of typically 50 mV/s. When 
potentialss higher than 10 V (inaccessible with the potentiostat) were needed, one 
orr more 9 V batteries were connected in series with the working electrode. 

Figuree 5.3 shows a typical / - V curve of GaP (N = 6 x 10l7cm~3). The direc-
tionn of the scan is marked with arrows. Three distinctive regions are indicated in 
thee Fig. 5.3. At low potential (region I) the band bending is too small to allow inter-
bandd tunneling. The current density / in this region is low and the semiconductor 
behavess as a reverse-biased diode. 
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Abovee the breakdown potential (region II in Fig. 5.3), the current density in-
creasess strongly with V due to the anodic dissolution produced by the dielectric 
breakdownn of GaP. The current density reaches a maximum value at the potential 
Vmax-- Since at low scanning rates reaction (5.1) occurs under steady-state condi-
tions,, Vmax depends weakly on the scanning rate. 

Besidess the weak dependence of Vmax on the scanning rate, a strong depen-
dencee on the doping concentration was found. This dependence is displayed in 
Fig.. 5.4. The values of Vmax in Fig. 5.4 were measured at a scanning rate low 
enoughh to allow steady-state dissolution. 

Afterr reaching the maximum, / rapidly decreases to a low value (region III 
inn Fig. 5.3), showing only a weak dependence on the potential. This decrease of 
II  is characteristic of electrode passivation, due to the formation of an oxide layer. 
Althoughh we have not studied the characteristics of the passive layer, it presumably 
formss when the etching rate at the pores front reaches the critical value at which 
reactionn (5.1) changes from being limited by breakdown charge transfer to being 
limitedd by the oxide formation. 

Ass the voltage is reduced in the return scan, a maximum in the current density 
alsoo appears but at a lower voltage than in the forward scan. The passive layer is 
chemicallyy dissolved in a slow reaction and the current flows again. 

Thee formation and dissolution of the passivation layer can be used to fabricate 
free-standingg membranes of porous GaP and multilayer GaP structures [95]. These 
structuress can be used as Bragg reflectors and as sieves for biomolecules. 

Figuree 5.3: 
Currentt density versus poten-
tiall  (given with respect to a 
saturatedd calomel electrode) of 
GaPP with a doping concentra-
tionn N = 6 x 1017cm-3 mea-
suredd at a scanning rate of 50 
mV/s.. At low potentials (re-
gionn I) no current flows indi-
catingg that no etching occurs. 
Inn region II etching takes place. 
Inn region III a passive layer is 
formedd and the current density 
iss low. The arrows indicate the 
scanningg direction. Potentiall  F ( V v s. SCE) 
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Figuree 5.4: 
Potentiall  of maximum anodic 
currentt as a function of the 
GaPP doping concentration. The 
solidd line is a guide to the eye. 

00 5 10 15 20 
177 -3 

Dopingg concentration, ,/V(10 cm ) 

5.3.22 Formation of porous layers 

Anodicc etching at a fixed potential (in region II of Fig. 5.3) produces a homo-
geneouss layer of porous GaP. In this section the formation of the porous layer is 
explained. . 

Etchingg starts at specific sites on the surface. Initial pits are formed where 
surfacee defects are present. Surface defects may lead to a local enhancement of 
thee electric field helping the hole generation [159]. The pits can be clearly seen in 
thee SEM photograph (a) of Fig. 5.5. This image is of a cleaved cross section of a 
porouss GaP sample, in which etching was stopped at the initial stage. 

Fromm an initial pit, a pore is formed; branching of the pores occurs, with a 
hemisphericall  expansion of the porous region. The porous domains originated at 
differentt surface defects can be seen in Figs. 5.5 (a) and (b). The SEM photograph 
off  Fig. 5.5 (b) corresponds to a side view of a porous structure. At the end of this 
sectionn a possible explanation for the pore branching is given. 

Thee etching of GaP occurs only at the pore tips (see section 5.6) where the 
surfacee curvature is higher and the electric field stronger. It is important to note 
thatt the top surface of the sample consists of a thin layer (~ 200 nm) of GaP with 
onlyy a few pits. The porous structure extends underneath this layer. 

Figuree 5.6 displays the current density / as a function of the etching time of 
aa GaP sample (N = 6 x 1017cm~3, etched at 11.5 V). The increase of / at the 
beginningg is due to the increase of the surface area of the front of the porous 
region.. Etching of the sample shown in Figure 5.5 (a) was stopped while the 
currentt density was increasing. 

Oncee the porous regions initiated at different pits meet, the surface of the front 
off  the porous structure is slightly reduced. As can be seen in Fig. 5.6, this reduction 
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Samplee top surface 
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Figuree 5.5: Electron-microscope (SEM) photographs of porous GaP. (a) cleaved cross 
sectionn of a sample in which etching was stopped at its initial stage, i.e., when the current 
densityy was still increasing (see Fig. 5.6). (b) side view of a porous structure, (c) cleaved 
crosss section of a layer of porous GaP with a thickness of 203 /m\. 

off  the porous front produces a small decrease of /. 
Finally,, the current density becomes constant indicating that a layer of porous 

GaPP grows downwards in an uniform way. The thickness of the layer can be easily 
variedd from a few microns to the whole thickness of the wafer. The photograph 
(c)) in Fig. 5.5 is a cleaved cross section of a porous-GaP layer with a thickness of 
2033 /an. 

AA sample of porous GaP is schematically represented in Fig. 5.7. Figure 5.7 
(a)) is a side view of the sample. The dark region represents the porous structure, 
andd the light one the non-etched GaP wafer. Also the thin top layer of nearly 
homogeneouss GaP with a thickness of ~ 200 nm is plotted. In Fig. 5.7 (b) a top 
vieww of the sample is displayed. The non-etched region was covered with a Teflon 
mask. . 

Anodicc etching of GaP differs from other semiconductors (such as Si, InP, 
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Figuree 5.6: 
Currentt density versus etch-
ingg time of GaP (N = 6 x 

, -3 3 10"cirTJ)) etched at V = 11.5 

GaAss [146]) in that isotropic structures of macropores are formed with GaP. The 
poree branching that leads to isotropic etching in GaP is probably due to the forma-
tionn of the passive layer. The etch rate is higher at the pore tips due to the enhanced 
electricc field caused by the radius of curvature. Since a passive layer presumably 
formss when the etching rate reaches the critical value at which the reaction (5.1) 
iss limited by oxide formation, the pore tip can be locally passivated. Etching pro-
ceedss close to the pore tip, causing the branching of the pore. This process is 
summarizedd in Fig. 5.8, where (a) represents a pore with the tip passivated (black 
region),, and (b) is the pore after the branching. 

Figuree 5.7: 
(a)) Schematic side view of a 
porouss GaP sample. The non-
etchedd GaP wafer is repre-
sentedd by the light region. The 
darkk region is the porous struc-
ture,, which extends under a thin 
(~~ 0.2 //m) layer of nearly ho-
mogeneouss GaP. (b) is an top 
vieww of a porous GaP sample 
withh a diameter of 5.5 mm. The 
non-etchedd region was covered 
withh Teflon sticker during etch-
ing. . 

(a) ) 

3000 urn 

(b) ) 

j ~~ 0.2 urn 

GaP P 

**r**r  10 mm 
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Porouss GaP 

GaP P 



90 0 CHAPTERR 5: POROUS GaP 

Figuree 5.8: Schematic representation of the pore branching. Figure (a) represents a pore. 
Thee strongest electric field is at pore tip due to its radius of curvature. The etching rate is 
higherr in this region and it can be passivated. This local passivation is represented by the 
blackk area. As displayed in (b), the etching proceeds in the non-passive region, producing 
thee branching of the pore. 

5.44 Optical absorption in anodically-etched GaP 

Inn Fig. 5.9 a measurement of the EBS intensity at small angles is displayed. This 
iss a measurement for a layer of porous GaP (N = 6 x 1017cm~3, etched at 11.5 V) 
withh a thickness of 203 ̂ m. 

Ass a result of optical absorption and the finite thickness of the sample, long 
pathss do not contribute to the enhanced backscattering (section 2.3), which causes 
aa rounding of the backscattered intensity [125,126]. Localization also gives rise 
too a similar rounding [76,79,129]. 

Forr a sample with a thickness of 203 pm, the rounding in the absence of ab-
sorptionn or localization effects is expected to be A9 = 0.5 mrad [79]. The rounding 

c c 
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Figuree 5.9: 
Detailedd measurement of the 
EBSS intensity at small angles 
off  a sample of porous GaP 
(N(N = 6 x 1017 cm"3, etched at 
11.55 V) with a thickness L = 
2033 /jm. The rounding of the 
EBSS is represented by 2A9. 

Anglee (mrad) 
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inn the measurement (Fig. 5.9) is AG = 0.45  0.1 in goodd agreement with the value 
expectedd for a non-absorbing sample given the experimental accuracy. The absorp-
tionn length in this sample is thus La > 200 jum, which means that anodic etching 
virtuallyy does not introduce any optical absorption. This absence of absorption is 
consistentt with previous total-transmission measurements [80]. 

5.55 Removal of the top layer by photochemical 
etching g 

Anodicc etching produces a porous layer. As mentioned in section 5.3.2, at the 
topp surface of the sample there is a thin layer (~ 200 nm) of bulk GaP with only 
aa few pits where the pore formation is initiated. The thickness of the top layer 
andd the separation between pits depend on the surface polishing. The presence of 
thiss layer can be clearly observed with the naked eye, since it produces a strong 
specularr reflection characteristic of a homogeneous material. 

Ass we have seen in the preceding chapter (where the Ge samples have a 
topp layer formed by small particles), a top layer with optical properties different 
fromm those of the sample bulk complicates the analysis of the optical experiments. 
Therefore,, it is convenient to remove the layer on top of the porous structure. 

Severall  methods can be used to remove this layer. Chemical polishing, using 
ann aqueous Br2 solution, has been successfully employed [160]. However, with 
thiss method it is difficult to control the exact amount of material that is removed. 
AA different approach is to increase the density of surface defects before anodic 
etchingg [161]. The separation between pits will be smaller and consequently the 
surfacee of the etched GaP samples will be also porous. 

Wee have used a different method to remove the top layer, i.e., photochemical 
etching.. The samples were first anodically etched as described previously. They 
weree then immersed in a aqueous solution of 15 ml of 0.5 M H2SO4 and 3 ml 30% 
H2O2.. The samples were uniformly illuminated with the expanded beam of an 
argonn laser (A*, = 460 nm) incident at 45° with respect to the normal of the sample 
surface.. The absorption length of bulk GaP at XQ = 460 nm is ~ 3.5 fan [147]. 
Duee to scattering in porous GaP, the absorption length is reduced to the order of 
thee transport mean free path. The light of the argon laser is thus mainly absorbed 
byy the top layer, where electron-hole pairs are created. The electrons are used to 
reducee H2O2, to give an OH~ ion and an OH* radical [162] 

H2022 + e ^ OH~ + OH# . (5.3) 

Thiss radical is very strongly oxidizing and can be reduced by "hole injection" into 
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Figuree 5.10: Specular reflection (Â  = 460 nm) of a sample of porous GaP as a function of 
thee photochemical-etching time. The SEM photographs are of the top of a sample before 
(a)) and after (b) photochemical etching. 

thee valence band 

O H * ^ O r T + h + .. (5.4) 

Both,, the photogenerated and injected holes, are used for the dissolution of GaP 
(reactionn (5.1)). No potential is applied during the photochemical etching, and the 
h++ are generated (and the photochemical etching occurs) only where the light from 
thee argon laser is absorbed. 

Thee specular reflection was measured during photochemical etching. The 
specularr reflection of a sample (N = 6 x 1017cm~3, anodically etched at a 11.5 
V)) is plotted in Fig. 5.10 as a function of the photochemical-etching time. This re-
flectionflection oscillates before it vanishes. The oscillations are due to wave interference 
off  the light reflected at the air-top layer and at the top layer-porous GaP interfaces. 
Ass the thickness of the top layer is reduced by photochemical etching the interfer-
encee changes from constructive to destructive, to constructive again. Finally the 
topp layer is etched away and the specular reflection vanishes. The photochemical 
etchingg was at this point stopped. The low signal after 1350 s of photochemical 
etchingg in the example of Fig. 5.10 corresponds to the diffuse reflection. 

Thee SEM photographs displayed in Fig. 5.10 are of the top surface of the sam-
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piee before (a) and after (b) photochemical etching. Before photochemical etching 
ann uniform structure with some of the initial pits can be seen. The porous structure 
iss clearly visible after photochemical etching of the top layer. The white lines are 
thee separation between porous domains generated at different pits. 

Thee effect of removing the top layer on the optical experiments becomes evi-
dentt in a measurement of the angular-resolved transmission. The set-up employed 
forr these measurements is described in section 5.2. The sample was illuminated 
throughh its back side, i.e., the non-etched side of the GaP wafer (see Fig. 5.7 (a)). 
Thee angular distribution of the transmitted light through the porous-air interface 
wass thus measured. 

Inn Fig. 5.11 this angular distribution, normalized by the cosine of the angle at 
whichh the light leaves the sample /je = cos8e, is plotted versus ^e- Figure 5.11 (a) 
showss the measurements of a porous GaP sample with a doping concentration N = 
77 x 1017cm~3 etched at 10 V. The measurements of Fig. 5.11 (b) are of the same 
samplee after the photochemical etching of the top layer. The squares correspond to 
thee measurements of the unpolarized transmission, the circles to p-polarized and 
thee triangles to s-polarized transmission. 

Thee solid lines in Fig. 5.11 are fits to the measurements using Eq. (2.28), where 
thee polarization of the detected intensity is included in the Fresnel's reflection co-

Figuree 5.11: 
Angularr distribution of the 
transmittedd light through 
porouss GaP, normalized by the 
cosinee of the angle at which 
thee light leaves the sample 
ppee = cos6e, plotted versus 
/j/j ee.. The squares, triangles 
andd circles correspond to 
unpolarized,, s- and p-polarized 
lightt respectively, (a) corre-
spondss to a N = 7 x 1017cm-3 

samplee etched at 10 V. The 
measurementss shown in (b) 
aree of the same sample after 
photochemicall  etching of the 
topp layer. The solid lines are 
fitsfits to the measurements. 
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efficient.. These coefficients depend solely on the refractive index contrast at the 
samplee interface and on the angle 9e. Therefore, the effective refractive index of 
thee sample ne is the only free parameter of the fits. From the fits ne is found to be 
2.88  0.2 for the sample with the top layer and 1.6  0.1 for the photochemically-
etchedd sample. 

Thee validity of Eq. (2.28) holds for a multiple-scattering medium with the 
samee effective refractive index ne in the bulk and at the boundary, i.e., samples 
withh the same porous structure in the bulk and at the boundary. Therefore, the 
effectt of the top layer has not been included in the fits of Fig. 5.11 (a), and the 
valuee of ne = 2.8  0.2 does not represent the effective refractive index of the 
porouss structure. The angular-resolved transmission of this sample is dominated 
byy the reflection at the top layer-air interface, giving rise to an overestimation of 
«ee if this reflection is not properly taken into account. 

Internall  reflection causes a narrowing of the EBS cone (see section 2.3 on 
pagee 38). Therefore, the removal of the top layer is important for a correct inter-
pretationn of the EBS measurements presented in the next sections. 

5.66 Scattering strength versus doping concentration 
andd etching potential 

Inn this section it is shown that the porous structure of GaP (average pore radius r, 
inter-poree distance dp, and porosity <)>) depends on the doping concentration N and 
onn the applied potential V during etching. 

Thee scattering mean free path in a disordered scattering medium is, to a first 
approximation,, given by 4 = l/pas (sections 1.2 and 2.1); where p is the density 
off  scatterers and as is the scattering cross section. The scattering cross section 
dependss on the radius of the scatterers relative to the wavelength (see Fig. 1.1 on 
pagee 11). The strongest scattering is achieved when the size of the scatterers is of 
thee order of the wavelength, i.e., in the Mie scattering regime. 

Sincee the density of scatterers is determined by the inter-pore distance and 
thee size of the pores, and the scattering cross section depends on the pore radius, 
thee dependence of r and dp on the doping concentration and the etching potential 
shouldd strongly affect the scattering strength of porous GaP. This dependence of 
thee scattering strength is demonstrated in this section with EBS measurements. 

Inn Refs. [148,152] it is shown that the inter-pore distance in porous n-type Si 
iss determined by the extent of the depletion layer L^ep, and this distance is always 
smallerr than 2Ldep- If the depletion layers of adjacent pores overlap, the electric 
fieldfield is reduced and the etching stops. Dissolution can only occur in regions where 
thee field is enhanced. These regions are the pore tips were the enhancement of 
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Figuree 5.12: 
Inter-poree distance in porous 
GaPP versus the extent of the de-
pletionn layer L<jep- The solid 
linee represents 2Ldep-

thee field is due to the radius of curvature. In Fig 5.12 the inter-pore distance of 
porouss GaP is plotted as a function of Ldep (given by Eq. (5.2)). The inter-pore 
distancee is defined as the average distance between adjacent pore walls and it was 
estimatedd with a marked gauge from high magnification SEM images. The solid 
linee in Fig. 5.12 represents 2Ldep. Similar to n-type Si, the inter-pore distance in 
porouss GaP is always smaller than 2Ldep, and dp increases as Ldep increases. 

Thee mechanism of the pore formation on n-type Si is discussed in Ref. [152]. 
Thee ratio of the radius of curvature at the pore tip to the width of the depletion layer 
determiness the field strength. A thin depletion layer, i.e., a high N or a low V above 
thee breakdown potential (see Eq. (5.2)), requires a smaller radius of curvature than 
thee one when Ldep is large to produce the same field strength. It is reasonable to 
assumee that a pore is etched when the electric field reaches a certainn critical value. 
Thiss value is thus reached with a small radius of curvature at the pore tip if Ldep is 
thin.. If we assume that the pore tip is hemispherical, the radius of curvature at the 
poree tip determines the pore radius. 

Thee average pore radius of several samples with different doping concentra-
tionss and etched at different potentials are listed in Table 5.1. The corresponding 
valuess of Ldep are also listed. It is clear from Table 5.1 that, as in the case of 
anodically-etchedd n-type Si, bigger pores are in general formed in GaP if the ex-
tentt of the depletion layer is larger. 

Notee that, in contrast to GaP, a passive layer is not formed in Si. This passive 
layerr and the pore branching may also influence the pore radii. 

Too summarize the results of Fig. 5.12 and Table 5.1: bigger and more widely-
spacedd pores are formed at large values of Ldep. Since Ldep depends on the doping 

Ldepp ^ m ) 
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Figuree 5.13: 
EBSS measurements of porous 
GaPP (N = 5 x 1017 cirr3) anod-
icallyy etched at 15 V (squares) 
andd at 16.6 V = Vmax (cir-
cles).. The solid lines through 
thee symbols are fits using diffu-
sionn theory. 

concentrationn N and on the etching potential V, the pore radius and the inter-pore 
distancee can be tuned by changing either of these parameters. The biggest and 
most-widelyy spaced pores are thus obtained in low-doped GaP etched at high po-
tential.. Note that the highest possible potential Vmax is determined by the formation 
off  the passive layer and also depends on N (Fig. 5.4). 

Inn the following the effect of the pore radius and of the inter-pore distance on 
thee scattering strength of porous GaP are discussed. 

Figuree 5.13 shows results of EBS measurements on two porous GaP sam-
pless with TV = 5 x 10l7cm~3, etched at 15 V (squares) and at 16.6 V = Vmax (cir-
cles).. The average pore radius and inter-pore distance are listed in Table 5.1. The 
EBSS cone of the sample etched at higher potential is significantly wider, indi-
catingg stronger scattering. The transport mean free paths in these samples are 

N N 
(1017cm-3) ) 

5 5 
6 6 
7 7 
15 5 
5 5 

V V 
(V) ) 

16.6 6 
12.7 7 
11.2 2 
7.4 4 
15 5 

^dep p 

( jum) ) 

0.21 1 
0.17 7 
0.15 5 
0.08 8 
0.20 0 

(%) ) 
67 7 
62 2 
62 2 
65 5 
40 0 

r r 
(/an) ) 

0.0955  0.02 
0.066  0.015 
0.0455 5 

<0.03 3 
0.055 5 

dp dp 

0.155 3 
0.100 3 
0.088  0.03 

<0.06 6 
4 4 

e e 
(pm) ) 

0.222 2 
0.466 3 
0.88 4 
1.244 7 
0.433 3 

Tablee 5.1: Extent of the depletion layer Laep, porosity §, average pore radius r, inter-
poree distance dp, and transport mean free path £ at XQ = 633 nm of porous GaP of doping 
concentrationn N, etched at a potential V. 

Anglee (mrad) 
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Figuree 5.14: 
EBSS measurements of porous 
GaPP with different doping con-
centrationss N= 15 (squares), 
66 (triangles), 5 (circles) 
xl017cm~3.. All samples 
havee a porosity of ~ 65%. 
Thee solid lines on top of the 
measurementss are fits using 
diffusionn theory. 

Anglee (mrad) 

II  = 0.22  0.02 urn (for the sample etched at 16.6 V) and I = 0.43  0.03 /am (for 
thee one etched at 15 V). These values of £ are obtained from the fits of the EBS 
measurementss using diffusion theory [123]. The fits are shown as solid lines in 
Fig.. 5.13. Internal reflection was taken into account in the fits with the values of 
nnee that were obtained by measuring the angular-resolved transmission. 

Thesee values of the transport mean free path are consistent with the average 
poree radius of the samples: the sample with bigger pores (r = 0.95  0.02 pm) scat-
terss light more effectively due to the larger as as the pore radius becomes closer to 
thee wavelength. Therefore, from the measurements of Fig. 5.13, we can conclude 
thatt for a certain N the maximum scattering strength can be achieved for samples 
etchedd at Vmax. 

Thee EBS measurements of porous GaP samples of different doping concen-
trationn are plotted in Fig. 5.14. The samples were prepared with equal porosity 
<j)) ~ 65%. The porosity is defined as the ratio of the GaP volume removed to the 
totall  volume of the porous layer. The volume of the GaP removed can be calcu-
latedd from the etch charge, since the dissolution of one GaP formula unit requires 
sixx holes (reaction (5.1)). The charge is obtained by the integration of the plot 
off  the current density versus etching time (Fig. 5.6). The porosities of different 
sampless are listed in Table 5.1. Note that in samples with the same N etched at 
differentt potentials the porosity is larger as V increases. 

Forr the samples with N = 5,6,7 x 1017cm~3 of Fig. 5.14 the etching potential 
wass Vmax, having the highest possible porosity and pore size achievable by anodic 
etchingg at room temperature. The sample with TV = 15 x 1017cm~3 was etched at 
7.44 V < Vmax, so that its porosity is 65%. 

Inn Fig. 5.15 the inverse of the scattering strength, in terms of M = ^ne£, of 

1500 3( 
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thesee samples is plotted versus the doping concentration. Angular-resolved trans-
missionn measurements showed that the effective refractive index of all the samples 
wass in the range ne = 1.35 — 1.55. The transport mean free paths I were obtained 
fromm the fits to the EBS measurements of Fig. 5.14, shown as solid lines, taking 
nee = 1.45, ~W\ = 0.5 (obtained with Eq. (2.25) and nt = 1.45). These values of £ 
aree given in Table 5.1. The decrease of the transport mean free path (and therefore 
off  M) for lower N is due to the increase of the pore radius. 

Thee moderately-high scattering strength of the highly-doped GaP (kl ~ 18 for 
thee N = 15 x 1017cm~3 sample) can be understood by the large density of scatterers 
p.. Due to the small pore size (r < 0.03 /yrn) the scattering cross section of the pores 
inn this sample is expected to be very small. However, the short separation between 
poress leads to a high p. 

Duee to the formation of the passive layer, the pore size and the scattering 
strengthh of porous GaP are limited by Vmax. To further increase the scattering 
strengthh two different approaches can be used: it is expected that etching at higher 
temperaturee or using a lower viscosity electrolyte [153] will cause a shift of Vmax 

too higher values, being possible to etch at higher potentials and therefore to form 
biggerr pores. The second approach consists in increasing the pore radius by means 
off  chemical etching. Chemical etching is discussed in the next section. 

Figuree 5.15: 
Inversee of the scattering 
strengthh of porous GaP with a 
porosityy of ~ 65% as a function 
off  the doping concentration. 
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5.77 Increase of the scattering strength by chemical 
etching g 

Duringg the photochemical-etching experiments, we found that H2O2 chemically 
etchess GaP at a very low rate. Since the solution of 15 ml of 0.5 M H2SO4 and 
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Figuree 5.16: 
Transmissionn (XQ = 633 nm) 
throughh porous GaP during 
chemicall  etching in a solution 
off  15 ml of 0.5 M H2S04 and 
33 ml 30% H202. The solid, 
dashedd and dotted lines corre-
spondd to samples with a dop-
ingg concentration of N = 15,7 
andd 5 x 1017cm~3, respectively, 
etchedd at Vmax. The dashed-
dottedd line refers to a sample 
withh N = 7 x 1017cm~3 etched 
att 11 V. The arrows indicate the 
timess at which chemical etch-
ingg was stopped to measure the 
EBS. . 

33 ml 30% H2O2 fill s the whole porous structure, the average pore radius can be 
uniformlyy increased beyond the limit imposed by Vmsa. 

Too control the chemical etching, the transmission of a He:Ne laser beam (X0 = 
6333 nm) through the samples was monitored during etching. Although GaP is 
transparentt for Kg = 633 nm light, strong intensities may lead to two-photon ab-
sorptionn via surface states. As we have seen in section 5.5, optical absorption pro-
ducess photochemical etching, and will give rise to a non-uniform etching rate with 
thee sample depth. Therefore, to avoid two-photon absorption, the He:Ne beam was 
attenuated. . 

Thee measurements of the transmission as a function of the chemical-etching 
timee are plotted in Fig. 5.16. The solid, dashed and dotted lines correspond to 
sampless with N = 15,7 and 5 x 1017cm~3, anodically etched at their respective 
Vmax-- The dashed-dotted line refers to a sample with N = 7 x 1017cm~3 etched 
att 11 V. The measurements of Fig. 5.16 have been normalized with respect to the 
transmissionn value before the etching was initiated. 

Inn general, the transmission decreases to a minimum. This decrease is due 
too the growth of the pore radius by chemical etching. The diffuse transmission 
throughh a non-absorbing random layer is given by ZJj « £/L (see section 2.2.4 on 
pagee 33), where L is the thickness of the sample. As the average pore radius 
becomess bigger, the scattering cross section gets larger and £ is reduced. The 
scatteringg strength is thus increased. Since chemical etching is very slow, the 
changee in L is negligible. The pore radius grows at the expense of the inter-pore 
distance.. After a certain time adjacent pores start to overlap and the transmission 

00 2500 5000 7500 10000 

Etchingg time (s) 
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increases.. Eventually the porous structure collapses. 
Forr the samples with N = 7 x 1017cm~3 etched at 11 V and the N = 5 x 

1017crcr33 etched at Vmax, the EBS was measured before chemical etching (points 
All  and Bl in Figs 5.16 and 5.17). The chemical etching was stopped after 3500 s 
(pointt A2) and 2100 s (B2) respectively; the samples were dried and the EBS was 
measured.measured. After these measurements were performed, the etching was continued 
untill  the transmission increased. The EBS was also measured when the chemical 
etchingg was ended (A3 and B3 in Figs 5.16 and 5.17). 

Thee change of the transmission upon chemical etching is compared to the 
widthh of the EBS cones in Fig. 5.17. In this figure the transmission of the sam-
pless chemically etched 7c-GaP normalized by the transmission before the chemical 
etchingg 7X-GaP (at t=0 s or points Al and Bl of Fig. 5.16) is plotted versus the in-
versee of the width of the EBS cone (normalized by the width of the cone at t=0 s). 
Thesee results are discussed in the next section. 

WW I W 
A-GaPP C-GaP 

Figuree 5.17: Transmission of chemically-etched GaP samples, normalized by the trans-
missionn before chemical etching, plotted versus the inverse of the normalized width of the 
EBSS cones. The points Al , A2 and A3 correspond to a sample with a doping concen-
trationn N = 7 x 10l7cm~3 anodically etched at 11 V. The points Bl, B2 and B3 are of a 
samplee with N = 5 x 1017cm~3 etched at 16.6 V. The arrows indicate the chronology of 
thee chemical-etching experiments (see Fig. 5.16). The solid and dashed lines are a guides 
too the eye. 
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5.88 Discussion 
Inn Fig. 5.17 we see that, for the sample with N = 7 x 1017cm~3, the EBS cone 
getss wider while the transmission is reduced due to chemical etching (point A2). 
Bothh phenomena (reduction of the transmission and widening of the EBS cone) are 
consistentt with an increase of the scattering strength of the sample. As mentioned 
inn the preceding section this increase is due to the enlargement of the pore radius. 
Whenn the transmission increases, due to the overlapping of adjacent pores, the 
EBSS narrows (point A3 in Fig. 5.17). 

Noo such consistent picture is obtained with the N = 5 x 1017cm-3 sample. 
Surprisingly,, the EBS cone narrows though the transmission decreases when the 
samplee is chemically etched (point B2 in Fig. 5.17). When the transmission in-
creasess (point B3) the EBS narrows as expected. 

Thee narrowing of the EBS cannot be explained by an increase of the absorp-
tion:: if chemical etching enhances optical absorption the transmission wil l be re-
duced;; however, according to diffusion theory, absorption should also widen the 
EBSS cone [123]. 

AA difference between the two samples of Fig. 5.17 is their scattering strength. 
Ass described in section 5.6, the scattering strengths are obtained from the fits of the 
EBSS measurements using classical diffusion theory. In the well-behaved sample 
(N(N = 7 x 1017cm-3) k£ ~ 15 before chemical etching. This sample was thus far 
fromm the localization transition. In the sample with N = 5x 1017cm-3, k£ ~ 3.5 
beforee etching. The width of the EBS cone of this sample (~ 120 mrad) was 
similarr to that of PA-GaP [79] (see the introduction of this chapter). These are the 
strongestt scattering samples of visible light. 

Itt is remarkable that although the average pore radius of the N = 5 x 1017cm~3 

samplee (r ~ 0.095 /mi) is much larger than that of PA-GaP samples (r ~ 0.065 /mi), 
thee width of the EBS cones are similar. This is an unexpected result, especially 
consideringg the strong influence that a change of the pore radius has on the scat-
teringg strength of porous GaP (see section 5.6). 

Classicall  [123] and localization theories [129] predict a wider EBS cone for 
largerr scattering strengths. Although our measurements are preliminary and a more 
thoroughh study is needed, they suggest that there is a limit for this width and that 
strongerr scattering give rise to a narrowing of the cone. 

Too support this observation we have also measured the EBS of a porous GaP 
samplee (lll)-oriented, with a doping concentration ofN = 2x 1017cm-3, anodi-
callyy etched at 21.5 V. The different wafer orientation is the reason why this sam-
plee has not been further discussed in this chapter. After anodic etching, the sample 
wass photochemically etched, and chemically etched to increase the pore size. The 
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Figuree 5.18: 
SEMM photographs of a sample 
off  porous GaP, (lll)-oriented, 
withh a doping concentration of 
NN = 2 x 1017cm~3, anodically 
etchedd at 21.5 V, photochem-
icallyy etched and chemically 
etched,, (a) is a SEM pho-
tographh of cleaved cross sec-
tionn of the porous layer. The 
drawnn line marks the sample 
edge.. The region above the line 
iss the sample surface. The dark 
partt at the bottom of the pho-
tographh is the non-etched GaP 
wafer,, (b) is a higher magnifi-
cationn photograph of the porous 
structure. . 

1.22 \xm 

resultingg sample can be seen in Fig. 5.18, where (a) is a SEM photograph of a 
cleavedd cross section of the porous layer. The drawn line marks the sample edge. 
Thee region above the line is thus the sample surface. The dark part at the bottom of 
thee photograph is the non-etched GaP wafer. A higher magnification photograph 
off  the porous structure is displayed in Fig. 5.18 (b). The average pore radius in 
thiss sample was r = 0.12  0.03 pm, thus larger than the pore radius of the samples 
discussedd before. In spite of the large pore size, the EBS cone has a width of only 
1000 mrad, which according to diffusion theory corresponds to k£ ~ 5. 

Thee preliminary results of the chemical etching that have been described re-
quiree a more systematic study. At the time this thesis was being written, the EBS 
att small angles was not investigated in detail. Since Anderson localization leads 
too a rounding of the EBS intensity at small angles [79,129] (see section 2.4), this 
investigationn must be done. As we have seen in chapter 3 and 4, total transmis-
sionn measurements on a series of samples with different thickness and at different 
wavelengthss can be very enlightening. 

Ass explained in section 5.3.2 the porous structure grows downwards once the 
currentt density reaches a constant value. The effect on the EBS of the porous 

7.77 |xra 
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regionn formed in the first stage of the anodic etching, i.e., while the current density 
increasess (see Fig. 5.6), must be investigated. The optical anisotropy that might be 
presentt in anodically-etched GaP also needs to be studied. 




