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Direct imaging of minority electron transport via the spatially resolved recombination luminescence

signature has been used to determine carrier diffusion lengths in GaInP as a function of doping. Minority

electron mobility values are determined by performing time resolved photoluminescence measurements

of carrier lifetime on the same samples. Values at 300 K vary from �2000 to 400 cm2/V s and decrease

with increasing doping. Anisotropic diffusion lengths and strongly polarized photoluminescence are

observed, resulting from lateral composition modulation along the [110] direction. We report anisotropic

mobility values associated with carrier transport parallel and perpendicular to the modulation direction.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902316]

Gallium indium phosphide (GaInP) is a ternary semi-

conductor alloy, routinely used as the largest bandgap top

cell in multijunction solar cells, as well as in GaAs hetero-

junction bipolar transistors and a variety of heterojunction

nanostructures. Despite the longstanding use of this material

in solar cells, where minority carrier transport plays a funda-

mental role, experimental values for minority carrier mobil-

ity are very limited. Majority carrier mobility can be

routinely determined through Hall effect measurements, but

minority carrier transport parameters such as diffusion length

and mobility are generally extracted through analysis of de-

vice performance. For optimized device modeling, however,

it is valuable to have direct experimental values, particularly

of the minority carrier mobility. While minority carrier life-

time generally reflects significant variations in individual

material quality and growth conditions, the mobility is a

more fundamental parameter, dependent primarily on doping

and lattice temperature.

We have made direct measurements of minority electron

diffusion lengths Ld at 300 K as a function of doping in

p type Ga0.5In0.5P, over a doping range from 5 � 1016 to

1 � 1018 cm�3. Diffusion lengths were measured via transport

imaging in a scanning electron microscope (SEM) by mapping

the spatial variation of the luminescence produced when

excess carriers are generated in a fixed location by an electron

beam. The samples are placed in the SEM; the electron beam

passes through a small hole in the optical microscope reflecting

surface. The electron beam is held at a fixed point, creating a

quasi-point source for generation of excess carriers. The result-

ing luminescence is collected with an optical microscope and

detected by a thermoelectrically cooled Apogee Alta CCD

camera, with pixels of dimension 6.8 lm � 6.8 lm. The mag-

nification is 40�, resulting in an image scale of 0.4 lm/pixel.

The CCD exposure time can be varied, depending on the lumi-

nescent intensity. This transport imaging approach in the SEM

has been described in detail in earlier work.1,2

Excess carriers created at a point will diffuse and some

fraction will recombine along the way, over a characteristic

distance given by the minority carrier diffusion length. By

maintaining the spatial information in the recombination lu-

minescence, Ld can be obtained directly from the optical

image. In this regard, transport imaging is different than

scanning cathodoluminescence or photoluminescence, where

spatial information about the sample is obtained by scanning

the excitation point and assuming that all luminescence is

associated with the point of generation. Transport imaging

takes advantage of the fact that the resulting luminescence is

actually distributed about the point of origin.

The samples are double heterostructures of GaInP, with

Al0.25Ga0.25In0.5P barriers. The substrate is [001] semi-

insulating GaAs. The GaInP layers were grown by molecular

beam epitaxy (MBE), with an MBE-grown GaAs buffer

layer. The GaInP layers for all samples were 333 nm thick,

with Al0.25Ga0.25In0.5P barrier layers of thickness 50 nm

(top) and 200 nm (bottom). Cathodoluminescence and photo-

luminescence spectroscopy both indicate that the only signif-

icant luminescence signal is from the GaInP layer. Samples

were doped p type using Be. Doping level calibration was

performed by Hall effect on layers grown under similar con-

ditions. Transport imaging measurements were performed on

both as-grown and rapid thermal annealed samples. For these

samples, the electron beam excitation energy was 5 kV, with

a probe current of 3 � 10�11 A. Exposure times for the opti-

cal images, which vary primarily due to the variations in

doping, ranged from 0.1 to 1 s.

Figure 1 shows examples of the spatially resolved lumi-

nescence images for the as-grown and annealed samples for

the lowest and highest doping levels. One sees the evidence

for the anisotropic transport most clearly in the 5 � 1016cm�3

doped material, indicated by the oval shape of the lumines-

cence distribution. Other samples show varying degrees of an-

isotropy. The axis of highest diffusion length is located along

the [�1 1 0] crystallographic axis, as indicated in the inset of

Figure 1.

The value for Ld is determined by a least squares numer-

ical fit to the intensity profile I(r) along any axis, taking the

origin as the center of the excitation spot. In the low injec-

tion regime (pexcess � nexcess� pdoping), the intensities in the

0003-6951/2014/105(20)/202116/5/$30.00 VC 2014 AIP Publishing LLC105, 202116-1

APPLIED PHYSICS LETTERS 105, 202116 (2014)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  205.155.65.226 On: Thu, 21 Jul 2016

22:14:44

http://dx.doi.org/10.1063/1.4902316
http://dx.doi.org/10.1063/1.4902316
http://dx.doi.org/10.1063/1.4902316
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4902316&domain=pdf&date_stamp=2014-11-21


optical images are assumed to be proportional to the

minority-carrier concentration within the heterostructure.

For the electron beam excitation used here, we estimate the

excess carrier population to be �3 � 1014 cm�3, well within

the low injection regime since the majority doping levels of

interest are in the range of 1016–1018 cm�3. In this case, the

minority carrier population can be modeled by a two-

dimensional diffusion equation with source and recombina-

tion terms.1 The asymptotic solution, for the region starting

at a small distance (�4 lm) from the origin is

I rð Þ � g

2pD

� �
Ko

r

Ld

� �
þ B; (1)

where I is the intensity, g is the source term amplitude, D is

the minority carrier diffusivity, B is the background term, Ld

is the minority carrier diffusion length, and r is the distance

from the excitation point. Data subsets are extracted along

32 different angles and for each of the subsets a “best fit”

value for Ld is found employing a least squares analysis. The

angles are chosen to align with a rectangular grid so there is

no interpolation of intensities employed in fitting data to as-

ymptotic curves. The corresponding polar plots for Ld as a

function of direction are shown in Figure 2 for the images in

Figure 1. The 32 values of Ld at varying angles are in turn

“fit” to an ellipse using the fact that the total distance from

any point on an ellipse to its two foci is the constant length

2a, where a is the semi-major axis length. The semi-minor

axis b is found from the determination of the semi-major

axis length and coordinates of the foci. The foci coordinates

and the value of “a” are the five undetermined values used in

a least squares fit to the data.

The variations in Ld associated with the material anisot-

ropy are 25% and 31% (5 � 1016 cm�3 as grown and

annealed) and 19% and 9.5% (1 � 1018 cm�3 as grown and

annealed), respectively, for these four cases, taking the dif-

ference in Ld along the major and minor axes of the transport

distribution and dividing by the average value.

While the minority carrier diffusion lengths are of inter-

est in device performance, they are fundamentally deter-

mined by two important parameters, the minority carrier

lifetime s and mobility l, since Ld¼ ((kT/e) ls)1/2. With an

independent measurement of the minority carrier lifetime,

therefore, the Ld values can be used to obtain a direct mea-

surement of the minority carrier mobility—in this case, as a

function of doping in room temperature GaInP. Earlier pub-

lished experimental values for minority carrier mobility are

limited to a single doping value.1

Time resolved photoluminescence (TRPL) measure-

ments to determine minority carrier lifetime s were per-

formed using a pulsed, tunable titanium-sapphire laser with

pulse lengths of �150 fs. The laser output was frequency

doubled to produce pulses at 405 nm. Luminescence was col-

lected with a streak camera. The deposited energy per pulse

was approximately 7 nJ/cm2, resulting in a minority carrier

population density of �5 � 1014 cm�3. Consistent with the

electron beam measurements, this places us in the low injec-

tion regime. This is important for the determination of an

accurate mobility, since the lifetime becomes excitation de-

pendent at higher excitation levels.

The diffusion length and TRPL results for all samples—

four doping levels with as-grown and annealed conditions in

all cases—are summarized in Table I. The luminescence

decay times are relatively short and insensitive to doping,

consistent with dominant non-radiative recombination in the

low-level excitation conditions used here. Tabulated TRPL

measurements were conducted without specific polarization

FIG. 1. Optical images (false color) indicating GaInP luminescence distribu-

tion as a function of position in response to point source excitation for dop-

ing of (a) 5 � 1016 cm�3 (as grown), (b) 5 � 1016 cm�3 (annealed), (c) 1 �
1018 cm�3 (as grown), and (d) 1 � 1018 cm�3 (annealed). Electron beam spot

excitation was at 5 keV and a probe current of 3 � 10�11 A. Image dimen-

sions in all cases are 50 lm � 50 lm.

FIG. 2. Extracted Ld values as a function of angle for the images shown in

Figure 1. In all cases, the radial axis has a maximum length of 4 lm.

Anisotropy is most apparent in samples (a) and (b).
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analysis. In all but the most heavily doped case, annealing

results in an increase in minority carrier lifetime. Diffusion

lengths, which range from �2 to 4 lm in all cases, also

increase with annealing, except in the most heavily doped

case. Discussion of diffusion length in these materials must

now take into account the anisotropy. The largest fractional

anisotropy in Ld among these materials, as previously

defined, is 31% for the annealed sample with doping of 5 �
1016 cm�3.

Combining the Ld and s values, we determine the minor-

ity carrier mobilities—electron mobilities in p type mate-

rial—as a function of doping. Results are shown in Figure 3.

We see a decreasing mobility as a function of doping over

the range of study, typical of majority carrier mobility trends

in many other semiconductor materials.3 It is important to

note the consistency in the mobility data (two samples of

each type for reproducibility, as well as the as-grown and

annealed conditions). Annealing, generally, causes variations

in minority carrier lifetime due to improvement of material

quality caused by thermal processes. That is why fundamen-

tal mobility values are routinely tabulated for semiconductor

materials, while fundamental lifetime values refer to a radia-

tive limit that is often not realized. The reproducibility on

the mobility values, despite the variations in Ld and s as a

function of annealing, is a good indication of the quality of

the data for both Ld and s in the low injection regime.

We note that the analysis of the spatial luminescence

data assumes low surface recombination velocity at the het-

erostructure interfaces. There is evidence for this from the

excellent fit to Eq. (1). However, even if interface recombi-

nation affects the lifetime, it will have a similar effect on the

TRPL results and therefore should not affect the extracted

values for mobility.

To compare the minority electron mobilities in p type

GaInP to majority electron mobilities in n type materials of

comparable doping, we reviewed the literature for majority

electron mobility data in GaInP.4–7 There is significant scat-

ter in the reported data, perhaps reflecting variations in the

type of growth and sample quality, as well as uncertainties in

the doping. The red lines in Figure 3 span the range of values

reported as a function of doping. One sees that the minority

mobilities reported here fall within the same general range.

In GaAs, theoretical work suggests that minority electron

mobilities at room temperature are slightly lower than major-

ity electron mobilities, due to primarily the scattering behav-

ior associated with heavy holes.8 However, in GaInP,

additional factors, such as alloy scattering or the formation

of microdomains,9 may play a significant role in limiting the

mobility for both types of carriers. Temperature dependent

measurements of the minority carrier mobility in GaInP have

shown a strong deviation from majority mobility behavior.2

The observation of the strong transport anisotropy in

MBE-grown GaInP raises obvious questions as to its origin.

Two possibilities are Cu-Pt ordering, which has previously

been shown to produce transport anisotropy in GaInP,1,10

and compositional modulation.11,12 Although commonly

observed at the higher temperatures associated with metalor-

ganic chemical vapor deposition (MOCVD) growth, Cu-Pt

ordering has also been observed in solid source MBE-grown

material.13 In order to investigate which phenomenon is domi-

nant in this case, variable temperature polarized photolumines-

cence studies were performed. For these studies, an R6G

tunable dye laser was used to excite photoluminescence, and a

half-wave plate combined with a polarization analyzer was

used to detect luminescence polarized along each crystallo-

graphic axis, [�1 1 0] and [1 1 0].

Figure 4 shows representative polarized photolumines-

cence spectra from such a measurement on an annealed sam-

ple with 5 � 1016 cm�3 doping level. For these studies, an

R6G dye laser tuned to 620 nm was used to excite photolu-

minescence and the excitation power density was approxi-

mately 10 W/cm2. Each spectrum consists of two peaks. The

high-energy peak is present in both polarization analysis

directions and consistent with PL emission from bulk GaInP,

TABLE I. TRPL, minority carrier diffusion lengths and resultant minority carrier mobilities, as-grown and annealed. All results are for 300 K.

As grown Annealed

Doping

(cm�3)

Lifetime

(ns)

Ld (lm)

major

Ld (lm)

minor

l major

cm2/V s

l minor

cm2/V s

Lifetime

(ns)

Ld (lm)

major

Ld (lm)

minor

l major

cm2/V s

l minor

cm2/V s

5 � 1016 2.5 3.2 2.5 1580 962 3.4 3.7 2.7 1550 825

1 � 1017 2.8 3.0 2.4 1240 791 5.3 3.9 3.1 1100 697

5 � 1017 3.2 2.5 1.9 751 434 4.5 3.0 2.35 769 472

1 � 1018 4.0 2.55 2.1 625 424 2.9 2.0 2.0 642 531

FIG. 3. Minority electron mobility (300 K) as a function of doping. Two

samples were measured in each case for reproducibility. Filled symbols are

mobility values along the major axis and open symbols are mobility values

along the minor axis. The red (solid) lines indicate the range of values in the

literature for majority electron mobility (300 K) as a function of doping in

GaInP with �50/50% Ga/In composition [Majority mobility ranges taken

from Refs. 4–7.]
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while the low-energy peak is red-shifted by approximately

45 meV and is strongly polarized along the [�1 1 0] direc-

tion. The polarization ratio of the low energy peak, defined

in terms of the intensity at the peak energy as q¼ (I[�1 1 0] –

I[1 1 0])/(I[�1 1 0]þ I[1 1 0]), is q¼ 0.71 at 295 K and q¼ 0.91

at 100 K. The luminescence anisotropy was independent of

laser polarization orientation. The two spectral peaks are

attributed to emission from spatially distinct regions within

the GaInP active layer. The TRPL decay times at 295 K were

consistent across the full range of spectral energies in both

polarization orientations, suggesting that carriers are ther-

mally exchanged between these regions.

The observed strong anisotropy in optical transitions

is strongly suggestive of composition modulation along the

[1 1 0] direction. This type of composition modulation

occurs regularly in strained short-period superlattices of

III-V alloys14 and has also been observed to arise spontane-

ously in MOCVD-grown alloys.11,15,16 The polarization

ratios measured here greatly exceed even the theoretical

maximum of 0.5 that could occur for perfectly atomically or-

dered material (see, e.g., Ref. 17).

Cross sectional transmission electron microscopy

(TEM) on the as-grown 5 � 1016 cm�3 doped sample con-

firms the presence of compositional modulation. Figure 5

shows strong lateral composition modulation along [110] in

a [�1 1 0] cross section in both strain sensitive (220) and

chemically sensitive (002) dark field images. The modulation

in alloy composition along the [1 1 0] direction would con-

tribute to increased carrier scattering for motion in that direc-

tion, explaining the observed diffusion anisotropy.

In summary, we used a combination of transport imag-

ing and TRPL to determine minority carrier electron mobil-

ity in GaInP as a function of p type doping over the range

from 5 � 1016 cm�3 to 1 � 1018 cm�3. Room temperature

mobility values range from �400 to 2000 cm2/V s and show

decreasing mobility as a function of doping. Transport ani-

sotropy, associated with compositional modulation along the

[110] direction, is observed in many of the samples. The ex-

perimental data for minority carrier mobility should be of

value in improved modeling and simulation for a range of

devices, including the highest efficiency multijunction solar

cells that utilize GaInP alloys.
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